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II1 KURZZUSAMMENFASSUNG

Im Rahmen der vorliegenden Arbeit wurden mehrere neue Ruthenium-Pincer-Komplexe

hergestellt und deren Eignung fiir verschiedene Modellreaktionen evaluiert.

Durch die Reaktion von [Ru(CO)(C)H(PPh3);] mit N,N’-Bis(diisopropylphosphino)-
benzoguanamin wurden Benzoguanamin-basierte PNP-Pincer-Komplexe synthetisiert. Hierbei
entstand eine monomere und eine dimere Spezies. In Letzterer agiert der Pincer-Ligand
iiberbriickend, wodurch er mit einem Phosphor- und einem Stickstoffatom an das erste und mit
einem weiteren Phosphoratom an das zweite Metallzentrum koordiniert. Beide Komplexe
konnten durch SC-XRD und NMR charakterisiert und in Modellreaktionen, namentlich der
Ameisensduredehydrierung, der CO: Hydrierung, sowie der Reduktion ungeséttigter
organischer Molekiile, eingesetzt werden. Weiterhin wurde die Umwandlung zwischen der

monomeren und dimeren Spezies untersucht.

Durch die Reaktion von N,N-Bis(2-(diisopropylphosphanyl)ethyl)prop-2-yn-1-amin mit
[Ru(CO)(ChHH(PPh3)3] wurde eine neue Klasse der Pincer-Komplexe eingefiihrt, ndmlich
PNPC-Pincer-Komplexe. Mehrere Représentanten dieser Unterkategorie wurden synthetisiert
und durch eine Kombination aus NMR und SC-XRD charakterisiert. Das katalytische Potential
der Komplexe wurde in der Ameisensduredehydrierung und in Transfer(de)hydrierungen
untersucht. Mechanistische Untersuchungen zeigten zwei konkurrierende
Reaktionsmechanismen auf. Im Ru-C Mechanismus wird Ameisenséure durch den Bruch der

Ru-C Bindung aktiviert, wihrend diese Bindung im Ru-H Mechanismus intakt bleibt.

SchlieBlich wurden die im Rahmen dieser Arbeit synthetisierten Katalysatoren in der wéssrigen
Niedertemperatur-Methanolreformierung  eingesetzt. Hierzu  wurden  standardisierte
Reaktionsbedingungen definiert, welche eine industrielle Anwendbarkeit zum Ziel haben.
Unter diesen Reaktionsbedingungen wurden die neu synthetisierten Katalysatoren getestet und
mit etablierten Katalysatoren verglichen. AbschlieBend wurde die generelle industrielle
Anwendbarkeit der Methanolreformierung vor dem Hintergrund der standardisierten

Reaktionsbedingungen kritisch diskutiert.
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IV  ABSTRACT

Several new ruthenium pincer complexes were prepared and their suitability for various model

reactions was evaluated.

Benzoguanamine based PNP-pincer complexes were synthesized by the reaction of
[Ru(CO)(CHH(PPh3)3;] with ligand N,N’-bis(diisopropylphosphino)-benzoguanamine. A
monomeric and a dimeric species were formed. In the latter, the pincer ligand acts as a bridging
ligand, coordinating with one phosphorous and one nitrogen atom to the first metal center and
with the second phosphorous atom to the second metal center. Both complexes were
characterized by SC-XRD and NMR investigations. They were employed in different model
reactions, namely the dehydrogenation of formic acid, the hydrogenation of CO> and the
dehydrogenation of unsaturated organic compounds. Furthermore, the interconversion between

the monomeric and dimeric species was investigated.

A new class of cyclometallated pincer complexes, namely PNPC ones, were synthesized by the
reaction of N,N-bis(2-(diisopropylphosphaneyl)ethyl)prop-2-yn-1-amine with
[Ru(CO)(ChHH(PPh3)3]. Multiple representatives of this subclass were synthesized and
characterized by a combination of NMR and SC-XRD. Their catalytic potential was
investigated in formic acid dehydrogenation and transfer (de)hydrogenation reactions.
Mechanistic investigations of the formic acid dehydrogenation reaction revealed two competing
reaction mechanisms. In the Ru-C pathway, reaction proceeds via the Ru-C bond cleavage,

while this bond stays intact in the Ru-H mechanism.

These complexes were investigated in the low temperature methanol aqueous phase reforming
(APR). For this purpose, standardized reaction conditions, focusing on the practical application
of methanol APR, were defined. Herein synthesized as well as state-of-the-art complexes were
tested under the proposed standard conditions. Having established practical reaction conditions,

the general economic feasibility of methanol APR was discussed.
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VI ABBREVIATIONS

The following abbreviations are used throughout the text:

AG change in Gibbs free energy

APR aqueous phase reforming

cp* pentamethylcyclopentadienyl

DBN 1,5-diazabicyclo[4.3.0]non-5-ene

DBU 1,8-diazabicyclo[5.4.0Jundec-7-ene

DFT density functional theory

DMF dimethylformamide

DMSO dimethyl sulfoxide

FA formic acid

GC-FID gas chromatograph equipped with a flame
ionization detector

HRMS high resolution mass spectrometry

KIE kinetic isotope effect

LDso lethal dose, 50%

LT-PEMFC low temperature polymer electrolyte membrane fuel
cell

M molar

NHC N-heterocyclic carbene

NMR nuclear magnetic resonance (spectroscopy)

ppm parts per million

SC-XRD single crystal x-ray diffraction

Tset set temperature

TBAF tetra-n-butylammonium fluoride

tetraphos tris-[2-(diphenylphosphin)ethyl]phosphine

THF tetrahydrofuran

TOCSY total correlation spectroscopy

TOF turnover frequency

TOFmax maximum observed turnover frequency

TON turnover number
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1 INTRODUCTION

1.1 Catalysis

In the last century, there has been a large increase in our standard of living.!* This can be seen
— among others — in the continuously increasing population on earth and the rising life
expectancy at birth.># One key factor enabling these improvements is the constant development
of new and optimization of existing catalytic methods.> ® For example, the invention of the
Haber-Bosch process allowed the production of fertilizers applying nitrogen from air.% 7 This,

in turn greatly increased the available food supply and allowed for the growth of our

8

population.® Additionally, the development of appropriate catalysts, like Ziegler-Natta

catalysts, enabled the synthesis of polymers, heavily impacting the materials used nowadays in

daily life.®° Furthermore, the evolution of catalytic methods paved the way for the synthesis of

pharmaceuticals, enabling the treatment of illnesses and increasing the life expectancy.!®!?

14-16 17-20

Those methods include cross-coupling reactions,'? metathesis and (de)hydrogenation

reactions. In the past two decades so-called pincer complexes gained a lot of interest for the

latter reactions.?%->*

50000

40000

30000

20000

Amount of publications

10000

1900 1920 1940 1960 1980 2000 2020
year

Figure 1.  Publications about ,,catalysis“ per year found by SciFinder.

As highlighted in Figure 1, research in catalysis is strongly growing since 1990, culminating in
the incorporation of at least one catalytic step during the synthesis of over 80% of all products
nowadays.?> 26 However, most of the chemical processes are based on fossil fuels, and with the
increasing severity of climate change, new solutions for a green chemical industry based on
renewables must be found.?” 2 In this transformation of the chemical industry, catalysis is
expected to play a major role in enabling new and efficient reaction pathways and in turn may
lead to the development of new and the improvement of existing chemical processes.?® 2 To

achieve this goal, new catalysts must be developed.?’
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1.2 Hydrogen economy

In this regard, one field of research is the transformation of our electrical power supply from
fossil towards renewable energy sources.?-*! Currently, more than 50% of Germanys electricity

is produced from renewable resources with wind and photovoltaic energy being the largest

).32

contributors (Figure 2).”* However, their production capacities heavily depend on weather

conditions and therefore do not always coincide with demand.**3!3* To solve this issue, energy

d 30, 31,

storage solutions must be developed and implemented. 33 One possibility is the

transformation of electrical into chemical energy.** **3* This can, for example, be achieved by

30.33,34 The reverse process, the energy release

water electrolysis to hydrogen and oxygen gas.
from these gases, can easily be achieved in a fuel cell.’®*> 3¢ The energy carrier utilized in this
example, hydrogen gas, is widely regarded as very promising due to its high gravimetric energy

content of 120 MJ/kg.?-3*

100 . -

80

60 W other
nuclear

40 B fossil fuel
renewables

20

0
2019 2020 2021 2022 2023

Figure 2.  Percentual contribution to electricity production in Germany between 2019 and 2023.3

Scheme 1. Schematic representation of formic acid and methanol (de)hydrogenation.

MeOH + + co,

HCOOH + CO,

However, the storage of energy in form of hydrogen gas poses significant challenges. Due to
its low volumetric energy density, its efficient storage requires high pressure or cryogenic
equipment.? 333738 Additionally, hydrogen gas forms explosive mixtures with oxygen thus
posing significant safety risks.? 3373 Therefore, the transformation of hydrogen gas into and
its release from energy storage materials is being investigated (Scheme 1).” 3% Some
examples of such storage materials include, among others, ammonia, ammonia-boranes,
decalin, methylcyclohexane, and perhydro-dibenzyltoluene.*®** However, one of the most

promising storage materials is methanol.** With a hydrogen content of 12.6 wt% it shows
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excellent storage capacity. Though, its synthesis and the release of hydrogen usually requires
harsher conditions compared to another promising hydrogen storage material formic acid.?’-3*
36 The potential of both those hydrogen storage materials will be highlighted in the following

chapters.

1.2.1  Methanol dehydrogenation

Similar to the hydrogen economy, a methanol economy was proposed already in 1986 by
Asinger and later on further developed by Olah, Prakash and Goeppert.*>** It encompasses the
synthesis of methanol from renewable resources and its use as a feedstock in the chemical
industry to replace oil and gas. Overlapping with the hydrogen economy, the use of methanol

as an energy carrier is also proposed.

For a successful application of methanol as an energy storage material, some prerequisites must
be fulfilled in the methanol reformation process. Firstly, the produced gas must contain
<10 ppm CO impurities, as they are vital for the efficient use of a low temperature polymer
electrolyte membrane fuel cell (LT-PEMFC). ** Furthermore, hydrogen production rate,
catalyst and ligand price, as well as stability must be taken into account for an economically
feasible process. The best chance to fulfill these requirements, lies in the low temperature
(<100 °C) reformation, as higher reaction temperatures enable the increasing formation of CO.
It can either be formed from the product gas mixture via reverse water gas shift reaction or by
the decomposition of intermediately produced formic acid. The latter is less prevalent at low
temperatures. Especially the requirements of low CO content and low reaction temperature are
hard to achieve using heterogeneous catalysts.?* 37 0 However, two publications stand out

utilizing heterogeneous catalysts:

In 2002, the first examples of aqueous phase reforming (APR) of methanol were shown by
Dumesic and co-workers.*® Utilizing a Pt@y-Al catalyst, a TOF of 420 h! could be achieved
at 230 °C and 29 bar. However, the produced gas contained comparably high CO impurities
(300 ppm). Secondly, Hu, Qu and co-workers used platinum on porous CeO> nanorods for the
steam reforming of methanol and could achieve a hydrogen production rate of 199 moly, molp¢
at 135 °C with CO impurities of 320 ppm.*’ Even at 100 °C they could produce hydrogen gas

with similar activities to homogeneous systems.

Switching to homogeneous catalysts, methanol dehydrogenation was first independently
described by the groups of Beller and co-workers,* as well as Trincado, Griitzmacher, and co-
workers* in 2013 (Figure 3). The former utilized a ruthenium pincer complex A. In a strong
basic reaction solution (8 M KOH), a TOF of 4,700 h'! with low CO concentration (<10 ppm)
was achieved. The latter utilized a tetradentate ruthenium complex B and reached a TOF of
54 h'! with triethylamine as base. CO impurities were not detected; however, the detection limit

of the used analytical method was not specified. In 2014 Beller and co-workers reported a
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bicatalytic, additive free system for methanol APR (Figure 3).°° One catalyst — Ru-MACHO-
BH E — showed excellent activity in the dehydrogenation of methanol to formic acid. A second
catalyst — [Ru(dppe)2(H)2] (F) — was added for the efficient dehydrogenation of formic acid to
CO: resulting in a synergistic effect and a TOF of 94 h™! with a high gas purity (<8 ppm CO).
The same concept was used in 2019 for methanol APR in presence of base to improve Beller’s
work from 2013 (Figure 3).°! By the addition of triglyme as a solvent, it was possible to lower
the base concentration from 8 M to 0.33 M KOH. Due to the lower base concentration, a
“working phase” could be observed with a TOF of 194 h'!. This state is characterized by the
stable evolution of a 3:1 Hz to CO2 gas mixture. Similar to their earlier work, CO impurities
were below 10 ppm.

Beller A
TON: 350,000
TOF: 4,700 h™'!
Trincado, Grltzmacher B Fujita, Yamaguchi G Beller |
TON: 540 TON: 11,000 TON: 1,400
TOF: 54 h! TOF: 70 h™! TOF: 326 h™'
Beller C-BH Bernskoetter, Hazari, Beller J Zhou L Qin, Chung, Zheng O
TON: 9800 Holthausen C-FA TON: 20,000 TON: 240 TON: 11,000
TOF: 700 h"' TON: 51,000 TOF: 28 h" TOF: 490 h™' TOF: 160 h'\

2013 2014 2015 2016 2017 2019 2020 2021 2022 >

Milstein D de Bruin, Reek H Beller A + K Milstein N
TON: 29,000 TOF: 55 h"" TON: 10,000 TON: 130,000
TOF: 50 h™' TOF: 190 h*! TOF: 643 h™!
BellerE + F
TON: 4200
TOF: 94 h!

H
H |
N N

‘/\g‘/H\ N (\'}‘/\h

. I i Ru iPr,p —Fe'—PiPr,
iPr,P — Ru—PIPr, \/A\/ - 7

| H R™ co
Cl" co /

\
K(dme), R = HBHj: C-BH
A B R = HCOO: C-FA

pz/\ an

co T v

Ph,P RI‘H PPh PhZP_VRu‘\_PPhZ N NZ Pr,p—— IF——PIP
—Ru— r,P——Ir——P'Pr,
2 P u 2 H = \ |/ ‘ v .
HsBH CO Ph,P. o Ru H ¢l
A RN
E F o [¢) |
PiPry
H
N [\
H | cp T Mes—N N~ Mes
(\’L/\ ‘/\N/H\ ! TCl Mes = s
Br 1. ) ! OH N 2B\ N =-
|. i —_ Ry ——Pi /7 \ J—
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o} H co Br z
J K L |
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Figure 3.  Important ruthenium (blue), iron (green), iridium (orange), and manganese (purple) catalysts for
methanol APR. For experimental details see appendix. Figure adapted from ref™2,

Moreover, Milstein and co-workers utilized a ruthenium PNN-pincer D complex achieving a
TOF of 50 h'! at 100 °C reaction temperature in 2014 (Figure 3).%® It was possible to recycle
the reaction solution three times without loss of activity. The CO content was not reported.
Further increase of the nitrogen content in the ligand let to the RUNNN catalyst described by

Kumar and co-workers in 2023.%° However, this change only allowed incomplete reformation
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of methanol. Formic acid was formed as a product with a yield of 81%. Similarly, methanol

APR with a ruthenium NHC-complex yielded potassium formate.>

Other ruthenium-based methanol APR systems include a salen complex H by de Bruin, Reek
and co-workers (Figure 3).%°> Here, a TOF of 55 h™! was reached, while CO content remained
below an unspecified detection limit. A different tetradentate ligand was employed by Qin, Zhu,
Zheng and co-workers in 2023.%° At 120 °C reaction temperature, a TOF of 158 h! with low
CO impurities (<10 ppm) was achieved. Milstein and co-workers also showed methanol APR
at elevated temperatures (150 °C).>” The addition of 1-hexanethiol as an additive enabled the
high TOF (643 h'!) with CO impurities below 20 ppm. Lastly, Qin, Chung, Zheng, and co-
workers demonstrated the ability of Grubbs-catalysts (N) to perform methanol APR
(Figure 3).% They reached a TOF of 158 h'! with <10 ppm CO impurities.

Besides these ruthenium systems, iridium-based complexes showed good results in methanol
APR. Already in 2015, Fujita, Yamaguchi and co-workers reached a TOF of 70 h™! with a
bipyridyl based complex G (Figure 3).”’ Notably, a TON of 10,500 could be reached. Two
years later, Beller and co-workers improved the TOF to 326 h”! by employing an iridium pincer

complex I (Figure 3).%°

By careful optimization of the ligand sphere L, Zhou and co-workers
could reach a TOF of almost 500 h™! (Figure 3).%! However, CO values were either not reported

or below an unspecified detection limit for all these three publications.

As highlighted previously, noble metal complexes show good activities in methanol
dehydrogenation. Additionally to these systems, non-noble metal based complexes are known
for methanol APR. In 2017, Beller and co-workers demonstrated the ability of manganese
pincer complexes J to perform this reaction (Figure 3).> A TON of 20,000 showed impressive
stability of the complex, however CO impurities were not analyzed. Already in 2013, iron
catalyzed methanol APR was reported for the first time (Figure 3).%° A TOF of 702 h™! and TON
of almost 10,000 could be reached with low CO impurities (<10 ppm). Further improvement of
the reaction conditions by Bernskoetter, Hazari, Holthausen and co-workers led to an increase
in stability to yield a TON of 51,000 (Figure 3).** However, CO values increased to <0.1%. In
this reaction system, a Lewis acid was employed to enhance the decarboxylation of the iron

formate complex C-FA.

To summarize, many molecularly defined complexes for methanol APR were developed.
Catalysts mostly operated below 100 °C, fulfilling one prerequisite for successful application
of the resulting hydrogen in a LT-PEMFC. However, in literature often the CO content was
either not reported or found to be below an unspecified detection limit. Due to missing this
critical information, the evaluation of those reaction systems towards application is severely
hindered.
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1.2.2  Formic acid dehydrogenation

Another hydrogen storage medium considered for a hydrogen economy is formic acid.®>

Compared to methanol it possesses a lower energy density with a hydrogen content of 4.4 wt%
(12.6 wt% for methanol, Table 1). However, its dehydrogenation is more exothermic (AG
= -32.9 kJ/mol) and can therefore be achieved at milder reaction conditions compared to
methanol (AG = 8.9 kJ/mol).%>7° Consequently, significantly more catalytic systems have been
developed for the dehydrogenation of formic acid, than for methanol. In Figure 4 the most

important systems are highlighted, with a focus on pincer complexes.

Table 1. Properties of formic acid and methanol.®
Methanol Formic acid
Molecular formula CH3;0H HCOH
Molecular mass 32.042 g/mol 46.026 g/mol
Gravimetric hydrogen density 126 g/kg 44 g/kg
Volumetric hydrogen density 99 g/L 52 g/L
Density 0.79 g/m? 1.22 g/m?
Boiling point 65 °C 101 °C
Vapor pressure (20 °C) 130.3 hPa 42.0 hPa
Explosion limits (upper — lower) 6 —36 vol% 18 — 57 vol%
Flash point 11°C 48 °C
Workplace exposure limit 200 mL/m? 5 mL/m?
LDs (oral, rat) 5.628 g/kg 1.100 g/kg

First reports of formic acid decomposition date back by more than 100 years.”! 7* These early
investigations utilized reaction temperatures well above 100 °C and various metals and metal
oxides, as well as glass as catalyst. Starting from 1967, research mainly focused on catalysts

73, 74 76, 77 73, 78 and

based on noble metals, such as iridium, palladium,” platinum, rhodium
ruthenium.®® 7 Ligands consisted primarily of simple monodentate phosphines. During this
time, best productivity and selectivity was achieved with iridium- and ruthenium-based
catalysts. However, high reaction temperatures were generally required, and low stability was

observed in most cases.

In 1998, Puddephatt and co-workers laid the foundation for the dehydrogenation of formic acid
with diphosphine-based ligands (Figure 4).5% 8! Their binuclear ruthenium complex achieved a
TOF of 500 h! at room temperature, the highest activity up to that point. This catalytic system
was further developed by Beller and co-workers (Figure 4).52-%% More specifically, the active
catalyst was formed in situ from [Ru(Cl)2(benzene)] as the metal precursor and a phosphine
ligand. Triphenylphosphine was found to yield the highest activity among the investigated
monodentate phosphine ligands. 1,2-Bis(diphenylphosphino)ethane gave the best activity
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overall, however a long induction period was observed. Investigations into the employed amine
bases revealed that structurally similar bases typically yielded comparable activities. Among
the investigated bases DBN (1,5-diazabicyclo(4.3.0)non-5-ene) gave the most promising
results. Overall, a TOF of 459 h™! over the first three hours of the reaction was reached at 40 °C
reaction temperature. This reaction system was further optimized towards continuous flow.®>
8 Here, a TON of 1,000,000 was achieved with stable gas evolution over 45 days.

_|4+
" BF, N
thp/\Fl’Prjl L N @\ ) | ®
oc_| Al _co P SO5*Na-
,R’lu/—\Ru\ [RuCly(benzene)l, s’ Nay/, ~d I N rep(,0)
oc 15 1o [Ru(H,0)](tos), o~ | Ny A
BN SRR Beller 2008, 2009 L 2008 ~ | | U
Puddephatt 1998, 2000 ~ TOF: 459 h™ aurenczy 29- B
TOF: 500 h"" TON: 260,000 TOF: 460 h _
TON: 40,000
Fukuzumi 2008
TOF: 426 h"
2+
HO 3 BF,
N \3BF
| ,é\/PPhZ) NMe;
7 N\ P A P
/Ircp*(HZO) [Fe(BF,),] - 6 H,0 3
Z N RuCls * x Hy0
o Laurenczy, Ludwig, Beller 2011
HO TOF: 9425 h™" Laurenczy 2013
. 1
Himeda 2009 TON: 100,000 TOF: .1 950 h
TOF: 14,000 h™! TON: 10,000

Figure 4.  Selected examples of early works on formic acid dehydrogenation.

At the same time, Laurenczy and co-workers took a different approach towards formic acid
dehydrogenation.®”** They utilized a water-soluble complex prepared in situ from RuBr3-xH>O
or [Ru(H20)s]*" and meta-trisulfonated triphenylphosphine (Figure 4). Already at room
temperature formic acid dehydrogenation was observed. At 120 °C reaction temperature, a TOF
of 460 h'!' was reached. Furthermore, a continuous flow system was developed with H>
production rate of 290 mL/min. Besides the anionic phosphine ligand, cationic ones were
employed by the same group (Figure 4).”° They achieved a TOF of 1950 h'! at 120 °C and a
TON of 10,000 over 30 catalytic cycles.

Another important formic acid dehydrogenation system was developed by Fukuzumi and co-
workers between 2008 and 2010.°'° Their best catalytic system consisted of a bimetallic
ruthenium-iridium complex and achieved a TOF of 426 h™!' at room temperature in an aqueous
solution (Figure 4). Investigations of the pH-influence revealed a high impact on the activity
with a maximum at pH 3.8. A similar monometallic complex was developed by Himeda and
co-workers (Figure 4).°* % They utilized functionalized bipyridyl ligands with iridium,
ruthenium and rhodium as metal centers. Especially iridium complexes showed high activity
(TOF: 14,000 h'") at 90 °C. Besides the generation of Ha-gas, the synthesis of HD and D> was

). Based on this research, a multitude of different diamino-

67,68

demonstrated in high purity (98%

ligands were synthesized and applied later on by various research groups.
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In 2011, Laurenczy, Ludwig, Beller and co-workers demonstrated the base-free
dehydrogenation of formic acid amine mixtures utilizing an iron-based tetraphos catalyst
(Figure 4).”” They reached a TOF of up to 9425 h™! at 80 °C reaction temperature. Furthermore,
in a continuous flow setup, a gas evolution rate of 326 mL/min could be reached without
deactivation over 14 h and a total TON of almost 100,000. The tetraphos ligand was further
employed in formic acid dehydrogenation with other metal centers, like ruthenium®® or
platinum.”® Gonsalvi and co-workers synthesized linear versions of the tetraphos ligand.!?

However, they observed lower catalytic activity compared to the tripodal tetraphos ligand.

Pincer complexes were employed in formic acid dehydrogenation for the first time in 2011 by
Morokuma, Nozaki, and co-workers (Figure 5).!°! Utilizing iridium as the metal center, a TOF
of 120,000 h! was reached. However, TON remained low (200). The first ruthenium catalyzed
system utilizing pincer ligands was developed by Pidko and co-workers in 2014 (Figure 5).!%?
A system was developed for the reversible hydrogen storage and release in/from formic acid.
They achieved a TON of 706,500 with a TOF of 256,000 h™! in the dehydrogenation step.
Overall, 10 hydrogen storage-release cycles were performed without loss of activity. At the
same time, Plietker and co-workers investigated a PNNP-ruthenium complex in the reversible
storage and release of hydrogen (Figure 5).!% In the dehydrogenation reaction, gas evolution
rates around 1.5 L/h were achieved over 5 storage and release cycles. One year later, the Ru-
MACHO complex and its N-methylated version were investigated by Czaun, Prakash, Olah,
and co-workers for sodium formate dehydrogenation (Figure 5).'% The methylated complex
was shown to be more active. The same trend was observed by Beller and co-workers.!%
Mechanistic investigations revealed an inner sphere reaction mechanism.’® % Czaun, Prakash,
Olah, and co-workers could reach TON of 5,000 with an initial TOF of 735 h!.1%4

In 2016, a ruthenium pincer complex with aminophosphine moieties was utilized by Zheng,
Huang and co-workers (Figure 5).!% Overall, a TON of 1,100,000 was achieved with a TOF of
7,333 h'l. By the variation of the reaction solvent from DMSO to DMF, TOF could be raised
to 31,000 h!, however a lower TON was reached. Das, Nielsen, and co-workers developed
another reaction system for reversible hydrogen storage and release (Figure 5).'"” They utilized
ionic liquids as solvents and base. In the dehydrogenation of formic acid, the reaction system
stayed active for 4 months, reaching a TON of 1.8 - 107 with an average TOF of 11,000 h.

Additionally, 12 hydrogen storage and release cycles were performed.

Iron pincer complexes were utilized for the first time in formic acid dehydrogenation by
Milstein and co-workers in 2013 (Figure 5).!% At 40 °C reaction temperature, an activity of
836 h™! was achieved. In a long-term experiment, a TON of 100,000 could be reached over the
course of 10 days. One year later, significant improvements were achieved by Hazari,
Schneider, and co-workers (Figure 5).!% The addition of a Lewis acid significantly improved
activity (TOF: 197,000 h'') and stability (TON: 1,000,000 in 9.5 h) by assisting in the
decarboxylation of the iron formate intermediate. Aminophosphine-based iron pincer
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complexes were employed in formic acid dehydrogenation by Kirchner, Gonsalvi, and co-
workers (Figure 5).!'° In this case, a TOF of 2,600 h! was reached. Additionally, it was

reported, that the use of Lewis acids instead of base let to no conversion.

Z

s /\

iPrZP—(IIr‘—P'F’rQ ‘BuzP—Ru—P‘Buz th th Ph P—Ru—PPh2
H H af

Morokuma, Nozaki 2011 Pidko 2014 Plietker 2014 Czaun, Prakash,
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TOF: 208 h"
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TOF: 5,200 h*
Figure 5.  Selected examples of pincer complexes utilized in formic acid dehydrogenation.

Pioneering work on manganese pincer complexes for formic acid dehydrogenation was
performed in 2016 by Boncella and Tondreau (Figure 5).'!'! They achieved a TON of 190. The
reaction conditions were slightly improved by Beller and co-workers in 2017 (TON 283).5 By
further optimization of the ligand, Tondreau and co-workers could improve the activity to
8,500 h'! (Figure 5).!'? Notably, 50% conversion was reached in 2.5 min. In 2022, Sponholz,
Junge, Beller, and co-workers developed a reversible hydrogen storage and release system on
the basis of lysine and a manganese pincer complex (Figure 5).!'* In the dehydrogenation
reaction, a total TON of 670,000 was achieved over 10 catalytic cycles.

Besides these common metals for dehydrogenation reactions, some exotic systems were
developed. For example, in 2014 Berben and Myers developed an aluminium pincer complex
for formic acid dehydrogenation (Figure 5).!'* Initial activity was reported to be 5,200 h’.
However, TON remained comparatively low (2,200). In the same year, nickel pincer complexes
were reported for formic acid dehydrogenation by Enthaler, Junge, and co-workers

(Figure 5).!5 A productivity of 626 turnovers could be realized.
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1.3 Pincer complexes

As evident from the examples presented in chapter 1.2, pincer complexes generally show high
activities in various (de)hydrogenation reactions. Typically, pincer ligands are tridentate
chelating ligands (Figure 6).21-2* 116 The three sites coordinating to the metal center can consist
of atoms like N, C, P, S, Si, B, Se, As, or Si. Pincer-based ligands and complexes are usually
named after the donor atoms, i.e. PNP-ligand stands for a ligand containing two phosphorous
and one nitrogen atom in the indicated order. They are separated by a spacer typically
comprising of an alkylic chain. However, it can contain functionalities like NR, O, CO, or CS

groups. Additionally, pincer ligands can contain a (hetero)aromatic group in their backbone.
R

P
T
~ !
>I(/\Z/\)I(
E E
Z=N,C,S,Si,P, B, ...
X=CHy NR, 0, CO, CS, ...
Y=CH,N, ...

E = PR, NR; NHC, P(OR), OR, OPR, OP(OR), SR, SeR, AsR, SiR, ...
R = H, alkyl, aryl, electron donating or withdrawing groups

Figure 6.  General structure of pincer ligands.

Among all these possible combinations, PNP-pincer complexes are one of the most commonly
used ones, especially in dehydrogenation reactions (chapter 1.2).21%% 116 Their first catalytic
application was demonstrated 2001 by Hartwig and Kawatsura in the addition of amines to
acrylic acid derivatives (Figure 7).!'7 In this case, the active species was formed in situ from
the ligand and a palladium precursor. One year later Rieger and co-workers utilized the first
cobalt pincer complex in ethylene polymerization (Figure 7).!'® The complexes were more
active by three orders of magnitude, than the corresponding NNN-pincer complexes. Further,
iron pincer complexes were synthesized, however they were not applied in catalysis.
McGuinness, Wasserscheid, and co-workers demonstrated the activity of chromium pincer
complexes with an aliphatic backbone in the ethylene trimerization (Figure 7).!" Similarly to
the polymerization of ethylene, NNN complexes were previously applied in the trimerization

of a-olefins.'?°

In 2004, ruthenium and iridium PNP-pincer complexes were first applied (Figure 7).!2!: 122

Abdur-Rashid and Goussev patented the use of iridium and ruthenium pincer complex in
transfer hydrogenation reactions.'?! At the same time, Milstein and co-workers investigated
ruthenium pincer complexes in the dehydrogenation of alcohols.'?? Interestingly, their
investigations revealed the presence of an equilibrium between a monomeric and a nitrogen
bridged dimeric species. One year later, Milstein and co-workers applied this dehydrogenation
in the synthesis of esters from alcohols.!?® This publication marks the first application of a

ruthenium carbonyl PNP-pincer complex.

Kirchner and co-workers synthesized and characterized a multitude of new molybdenum, iron,
ruthenium, nickel, and palladium PNP-pincer complexes with diaminopyridine- and

benzoguanamine-based ligand backbones (Figure 7).'?* The synthesized palladium complexes
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were employed in Suzuki-Miyaura cross coupling reactions'?* and iron complexes in the
synthesis of 3-hydroxyacrylates.!?® Similar iron complexes with pyridine backbones were
synthesized in 2011 by Milstein and co-workers (Figure 7).'?® They were applied in the
hydrogenation of ketones. In the same year, the famous Ru-MACHO complex was firstly
reported by Kuriyama and co-workers (Figure 7).!>” Applications include the hydrogenation of

esters to alcohols. Notably, 2.2 t of methyl (R)-lactate could be reduced with this complex.

R'

e
11

(\ /\ \N N )\\ )\
| | ‘ R = Ety, Phy, i
_ —_M—_— —_ i - =El, 2, |PT2, tBUZ
R,P M PR, R,P M PR, RQP M PQP m P Pr, R = Ph. Ve, Nie,
) ) L [CoClg] Jie, Li
[CrCl3] McGuinness, Wasserscheid [Fe(MeCN),(CO)]," Kirchner [Co(CH,SiMes)]" Hanson
[Pd] Hartwig | [Ru(CO)H] Milstein | [Ru(CO)CIH] Huang [CoCly] Kempe [CoCl,] Liang, Huang
| | | | |
T T T T T T T
2001 20|02 2003 20|04 2005 20|06 2007 20|11 2012 20|13 2015 20|16 2018 >
I | | |
[CoCl,] Rieger | [PdCI]* Kirchner [Fe(BH,4)(CO)H] Beller [MnBr(CO),] Beller
[IrH3], [RuCl,] Abdur-Rashid, Goussev [Ru(CO)CIH] Kuriyama [Ir(cod)] Kempe [Mn(CO),]" Milstein
[RUCIH(N,)] Milstein [FeBr(CO)H] Milstein [Mn(CO),H] Kirchner

[MnBr(CO),] Kempe
[FeBr,(CO)] Kirchner

Figure 7. Application of PNP-pincer complexes in catalysis. Colors symbolize the different ligand backbone

structures. Figure adapted from ref!?8,

In 2012 Jie, Li, and co-workers, as well as Hanson and co-workers reported cobalt PNP-pincer
complexes for the polymerization of 1,3-butadiene, as well as the hydrogenation of C=C, C=0,
and C=N double bonds respectively (Figure 7).!% 3% At the same time Huang and co-workers
utilized diaminopyridine-based PNP-pincer complexes in the transfer hydrogenation of
different ketones.!*! In the next year, an iron pincer complex was utilized for the first time in
the dehydrogenation of methanol (see chapter 1.2.1).% Simultaneously, Kempe and Michlik
applied the benzoguanamine ligand backbone for the first time in catalysis.'** Their iridium
complex showed high activity in the synthesis of pyrroles from secondary alcohols and amino
alcohols. Shortly after, the same group demonstrated the activity of the related cobalt complexes

in the hydrogenation of C=O double bonds.!3

2016 marks the start of the investigation of manganese-based PNP-pincer complexes (Figure 7).
First works were performed by the working groups of Beller,'* Milstein,'** Kirchner,'**> and
Kempe!*¢ within the same year. They all reported manganese pincer complexes with different
ligand backbones. Applications include the hydrogenation of ketones,'* 13¢ aldehydes,'? 1%
nitriles,' as well as the synthesis of secondary amines!** and aldimines'** !** from alcohols and
imines. The triazine-based ligand backbone was further investigated by Kirchner and co-
workers.'3” They demonstrated the ability of iron complexes to alkylate amines with alcohols.
This type of ligand backbone can easily be modified at the triazine ring (Figure 7, R’). This
allows for easy fine-tuning of electronic properties and thereby optimization of the catalyst for
a given reaction. Lastly, Liang, Huang, and co-workers reported cobalt pincer complexes based
on the diaminopyridine scaffold (Figure 7).!* They were employed in the hydrogenation of

nitriles.
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Figure 8.  General synthesis of PCP-pincer complexes.

Another interesting subclass are PCP-pincer ligands and their complexes. Typically, PCP-
pincer complexes are synthesized as highlighted in Figure 8. Coordination of the ligand
proceeds via activation of the C-H bond of the ligand. Consequently, additional reactivity can
be expected at this position. Indeed, Jia and co-workers observed the incorporation of
phenylacetylene into the Ru-C bond back in 1996 (Figure 9).!3% 140

OH

2
Ph H\O |
=
H | \ Ph,P——Ru—PPh, ) pel
R,P—Ru—FPR, R,P Ru—PR, 'Pr,P——Ru——~P'Pr,
PhP L PhaP/L R oC \co
Jia 1996 R = Ph, CgFs, p-MeOHCgH, R =F, CHCH, Gelman 2013
F.C.H, Ip ' Hartwig 2005
P-CFaCeHy Pr Shibata 2010
L =Cl, SO,CFy

Jia 1996, van Koten 2000

Figure 9.  Ruthenium PCP-pincer complexes. Figure adapted from ref!*!,

As highlighted in chapter 1.2.2, nickel PCP-complexes have been employed in the
dehydrogenation of formic acid.'!® Focusing on ruthenium PCP-complexes, Jia and co-workers
first synthesized arylic PCP-pincer complexes (Figure 9)."*% %0 They were later on employed
by van Koten and co-workers in the transfer hydrogenation of ketones.!4?"14* In 2005, Hartwig
and co-workers synthesized and characterized alkylic PCP-pincer complexes (Figure 9).!4

145

Applications include the hydroamination of vinylarenes™ and catalytic nucleophilic

substitution reactions.'*® Gelman and co-workers investigated PCP-pincer complexes based on
the anthracene scaffold (Figure 9). They were applied in dehydrogenative coupling reactions

and transfer hydrogenations.'*’-1%
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2 OBJECTIVES

As highlighted in chapter 1, new catalysts are needed for the transformation of the chemical
industry from fossil fuel-based feedstocks to renewable resources. Therefore, we set out to
synthesize new catalysts and to evaluate those in various hydrogenation and dehydrogenation
reactions. In this regard, especially methanol APR became of interest for its high potential as
an energy carrier in the hydrogen economy. Consequently, one goal of this work is the

evaluation of methanol APR in context of its industrial applicability.

The first approach towards the synthesizing new catalysts is based on the guanamine backbone.
As evident from chapter 1.3, ruthenium complexes bearing this ligand were previously not
prepared. Based on their structural similarity to other ruthenium pincer complexes, a highly
active catalyst should be formed. Therefore, these new complexes will be evaluated in various

dehydrogenation and hydrogenation reactions.

In the second approach, it is planned to immobilize ruthenium pincer complexes. In this way,
the advantages of homogeneous (e.g. high activity) and heterogeneous (e.g. easy catalyst
recovery) catalysts can be combined. To enable the immobilization, the introduction of an
anchoring group to the ligand backbone is necessary. In this regard, it is planned to investigate

the catalytic activity of these newly synthesized complexes.
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3 RESULTS AND DISCUSSION

3.1 Guanamine-Based Ruthenium Pincer Complexes

As highlighted in the introduction, the evolution of the chemical industry towards progressively
applying renewable resources necessitates new catalysts. As pincer complexes show great
potential in various dehydrogenation and hydrogenation reactions, they became of interest for
further evaluation. To the best of our knowledge ruthenium PNP-pincer complexes with a
guanamine-based ligand backbone have not been synthesized before (see chapter 1.3 and
Figure 7). Therefore, we set out to synthesize this subclass of PNP-pincer complexes and

evaluate it in (de)hydrogenation reactions.

3.1.1 Complex synthesis and characterization

Ligand 1 was synthesized in a straightforward manner from benzoguanamine and
chlorodiisopropylphosphine.'*>  13*  The  complexation was  performed  with
[Ru(CO)(C1)H(PPh3)3] according to reported methods for similar complexes (Scheme 2).!3!
However, the reaction was unselective and multiple products were formed. Separation by
column chromatography yielded two products. Structural determination by NMR was difficult,
however high-resolution mass spectrometry suggested the formation of a monomeric (2m) and
dimeric (2d) species. Indeed, SC-XRD led to the assigned structures of 2m and 2d (Figure 10).

Ph
Ph

Ph )\ )\ )\ )\ COo
N)\N 2 CIPiPr,, NEt3, THF > )\ )\ [RUHCI(CO)(PPhj)s], THF )\ )\ N—- PrzP—/F\’:u/—TPrz
)\\ J\ 60 °C, 18 h, 41% 65°C,18h P P—RluiléPr PrzPH—Ru—P Prz_'i‘ N\ NH
1

H co N N
32% 2m 33% 2d
Ph

Scheme 2. Synthesis of ligand 1 and its complexation with [Ru(CO)(CI)H(PPhs3)s] to yield monomeric 2m and

dimeric complex 2d. Scheme adapted from ref!?%,

Crystals suitable for x-ray diffraction were grown from vapor diffusion of pentane into a
saturated solution of the complexes in THF. In both complexes, the metal centers are
coordinated by two phosphorous and one nitrogen atom of ligand 1, as well as a hydrido, chloro
and carbonyl ligand. A distorted octahedral coordination environment is formed. In 2m, pincer
ligand 1 coordinates meridionally to the metal center, as commonly observed for PNP-pincer
complexes (Figure 10, left).!23: 131-133.136.137. 150 1 24 the pincer ligand acts as a bridging ligand,
coordinating with one phosphorous and one nitrogen atom to the first metal center and with the
second phosphorous atom to another metal center (Figure 10, right). To the best of our
knowledge, this coordination of guanamine-based PNP-pincer ligands was not reported

previously.
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Figure 10. Molecular structure of 2m (left) and 2d (right). Displacement ellipsoids are drawn at 30% (2d) and
50% (2m) probability at 110 K. Hydrogen atoms are omitted for clarity, except those on Ru and N.

Phenyl and isopropyl groups are displayed as wire frames for better graphical representation.

Disordered parts of 2d are shown only in one position. Figure adapted from ref!?®,

In both complexes, the distortion of the octahedral coordination environment is most
pronounced in the P-Ru-P angles (2m: P1-Rul-P2: 160.03(3)°; 2d: P1-Rul-P4: 162.867(19)°,
P2-Ru2-P3: 162.76(2)°; expected: 180°). Furthermore, the triazine plane in 2d (mean deviation
of the best plane: 0.06 and 0.07 A) deviates significantly from the planarity observed in 2m
(mean deviation of the best plane: 0.006 A). Additionally, Ru and N atoms neighboring this
plane deviate more strongly from it in 2d (distance to the plane: Rul: 0.75, N1: 0.21, N5: 0.35,
Ru2: 0.84, N6: 0.22, N10: 0.33 A), than 2m (largest deviation for C4 (phenyl ring) from the
plane: 0.06 A).

3.1.2  Dehydrogenation of formic acid

Having both complexes in hand, their potential as catalysts was examined in several benchmark
reactions. First, the dehydrogenation of formic acid was investigated. As highlighted in chapter
1.2.2, several metal PNP-pincer complexes showed good activity in formic acid
dehydrogenation. Therefore, the new complexes 2m and 2d were compared to these reaction
systems for an initial evaluation (Table 2). For comparison especially the reaction systems
published by Pidko and co-workers (2014),'92 Zheng, Huang, and co-workers (2016),'% and
Beller and co-workers (2019)'® are of interest due to their structural similarities but also
differences to 2m and 2d.

First, two sets of reaction conditions based on a strong base (KOH) published by Beller and co-
workers were investigated. Reaction conditions A are strongly basic. Here, dimeric complex 2d
showed similar activities as complexes 3. Both were outperformed by complex 4. In the more
acidic variation - conditions B - complexes 2d, 3 and 4 showed activites within the same order

of magnitude. To our delight new complex 2m was significantly more active. Switching to
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reaction conditions with an amine-base, the new complexes 2m and 2d were not able to reach
the activities achieved with complex 5 in conditions C. However, with a different solvent and
base (conditions D), complexes 2m and 2d showed the most promising results so far. Hence,

these reaction conditions were further investigated.

Table 2. Initial screening of reaction conditions published in literature. Table adapted from ref!23,
HeooH —— g 4,4 co,
Tee=925°C
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N " @ f\/'L
N H coy
| I/ X X
)% )(I;I\N I \I/C' N_lprzp_/Rlu_FﬂPr iPr, F"/—\RU/CDP‘Pr 'PrzF‘:\Rua‘Prz I el M N
Y ) PrP—Ri—PPr,—N.__N 0 BuP—R(I—P'Bu, 'Pr,P—RI—PPr,
web—ben "IN e
H ¢o 2d N\r 5 6
2m
Ph
Literature New Complexes
Reaction conditions
Catalyst TOF [h'!] Catalyst TOF [h'!]
3 2,100'%
Conditions A!% 2d 2,700
4 4,200
s 3 5,300!0 2m 67,000
Conditions B
4 9,000!0 2d 3,600
2m 98,000
Conditinos C'? 5 256,000
2d 42,000
2m 354,000
Conditinos D% 6 7,300106
2d 128,000

Reaction conditions: T =92.5 °C, Conditions A: formic acid (1.2 mL), KOH (40 mmol), H>O (8.8 mL), triglyme
(4 mL), catalyst (4.4 pmol); Conditions B: formic acid (1.9 mL), KOH (40 mmol), H,O
(8.1 mL), triglyme (4 mL), catalyst (4.4 umol); Conditions C: formic acid (2.22 to 15 mL/h),
NHexs (11.4 mL), DMF (23.6 mL), catalyst (1.42 umol); Conditions D: formic acid (0.30 to
4.6 mL/h), NEt; (1.5 mL), DMSO (5 mL), catalyst (1.00 pmol).

First, the maximum activity was determined in batch reactions. It was calculated from the gas
evolution during set time intervals. Monomeric complex 2m reached a maximum activity of
470,000 h'! (Table 3, entry 1). Lower catalytic activity was observed for dimeric complex 2d
(TOFmax: 54,000 h'!, Table 3, entry 2). Notably, activity could be improved when the reaction
was continued by addition of more formic acid (TOFmax: 112,000 h'!). This is attributed to the
poor solubility of 2d in DMSO during the first run. Pincer complex 3 showed the lowest activity
among all tested complexes (TOFmax: 38,500 h'!, Table 3, entry 3). As expected, its methylated
variant 4 is significantly more active with a TOFmax of 280,000 h'! (Table 3, entry 4).!%
Furthermore it shows the highest activity among the tested known complexes (TOFmax:
155,000 h! for 5§ and 200,000 h! for 6, Table 3, entries 5 and 6). It is worth noting, that the
activity of 6 was significantly improved in comparison to literature (200,000 h™! to 7,333 h'!)
due to changing from P'Buz to P'Pra groups. Overall, complex 2m showed the highest activity

and consequently the shortest reaction time for full conversion among all tested complexes.
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Table 3. Comparison of ruthenium PNP-pincer complexes in formic acid dehydrogenation. Table adapted from
ref!28,
[Ru] (0.5 pmol Ru)
NEt, (1.5 mL)
HCOOH ———————— 3 H,+CO,
on Ph Teot = 92.5°C
My L L
CO H
)\ )\ )\ )\N—'PrzP—R’Iu—P'Pr I/\ /Ch ‘/\ éﬁ Sn HNT SN NH
) c’) iPrP —Ru—P'Prz 'szp_RU_P'Prz 1C . 1O
| |,CI N 'PrzP RU—PPr,—N N NH " g ‘BUZP—/Ru—P‘Buz ProP—Ri—FP/Pr,
PrP—RI—PPrn L VY co . H bo W&o
H co 2d N\fN 5 6
2m
Ph
Entry Catalyst Reaction time until full conversion [min] TOFmax [h71] TON
1 2m 3 470,000 23,000
40 54,000 23,000
2 2d
169 112,000 23,000
3 3 50 38,500 23,000
4 4 6 280,000 23,000
5 5 13 155,000 23,000
6 6 9 200,000 23,000

Reaction conditions: Formic acid (0.41 mL, 10.8 mmol), NEt3 (1.5 mL), DMSO (5 mL), catalyst (0.50 umol Ru),
Tset = 92.5 °C. Reactions were started by catalyst addition and repeated at least twice with a
standard deviation of <10%. a) Data after continuation of the experiment by addition of
formic acid (0.41 mL, 10.8 mmol).

Table 4.  Continuous addition reactions. Table adapted from ref!s.

[Ru] (1 ymol Ru)
NEt; (1.5 mL)
HCOOH ——— @ H,+CO,
Tset = 92.5°C

X . -
ii *&%Qﬂ%rAﬁ L

NH 171 'PryP——Ru——P'Pr,

HN Ao N P
Entry Catalyst  Reaction time [min] ~ TOFu.x [h7'] TON
1 2m 62 350,000 240,000
2 2d 150 130,000 250,000
3 4 60 230,000 125,000
4 5 80 185,000 175,000

Reaction conditions: formic acid (4.6 - 13 mL/h), NEt3 (1.5 mL), DMSO (5 mL), catalyst (1.0 umol Ru), Ty =
92.5 °C. TOFnax was determined by variation of formic acid dosage rate.

The most active complexes were examined more closely in reactions with continuous addition
of formic acid. By a slow increase of the formic acid addition speed, the maximum activity was
determined. Typically, a sharp drop of activity was observed, when the amount of formic acid
inside the reactor surpassed the amount of base, i.e. the addition of new formic acid surpassed

its consumption. Similar to the batch reactions, 2m was the most active complex with a TOFmax
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0f 350,000 h'! (Table 4, entry 1) followed by 4 (TOFmax: 230,000 h™!, Table 4, entry 3). Dimeric
complex 2d reached a maximum activity of 130,000 h™! and 5 of 185,000 h! (Table 4, entries
2 and 4).

3.1.3  Hydrogenation of CO;

Based on the promising results for formic acid dehydrogenation, we became interested in the
reverse reaction, the hydrogenation of CO,. Combining both reactions would allow the
reversible storage and release of hydrogen gas in the form of formic acid and demonstrate its

applicability as an energy carrier.

Table 5. Ruthenium pincer complex catalyzed CO, hydrogenation. Table adapted from ref!?%.

[Ru] (1.0 to 2.84 ymol Ru)
Base

H, +CO, » HCOOH
Tee=65°C, 2h
o Ph
N)\N )\)\ )|N\H coy é |
)% J\ \N l!l——'PrzP—Rlu/—P'Pr \N
H a MM s Ri——PPr—N Bu,P R/CI PiB
. / i r,P——Ru—P'Pr,— u,P——Ru—P'Bu,
PrZP—H/Ré:uo—P Pr, W co \r \r H/(I:o
o 2d \r 5
Ph
Entry Catalyst Amount of Ru metal [pmol] TOF [h'!] Yield [mmol]
1 249 2.00 0 0
2 24 1.00 0 0
3 2m? 1.00 6,300 13
4 5% 1.00 4,600 9
5 24 2.84 20,900 59
6 24 1.40 27,200 38
7 2mY 1.42 7,300 21
8 59 1.42 36,000' 102

Reaction conditions: a) All reactions were done in a 300 mL stainless steel autoclave with 12 mL glass vials. NEt;
(1.5 mL), DMSO (5 mL), H> (20 bar), CO: (20 bar), Ts.t = 65 °C, 2 h. Yields were determined
by '"H NMR with DMF as internal standard. b) conditions analogous to ref'?2. All reactions
were done in a 100 mL stainless steel autoclave. DBU (5.0 mL), DMF (30.0 mL), catalysts
(1.42 umol Ru unless noted otherwise), H, (20 bar), CO, (20 bar), Tst = 65 °C, 2 h. Yields
were determined by 'H NMR with toluene as internal standard. All experiments were
repeated at least once.

First, the same reaction conditions as for formic acid dehydrogenation were employed.
However, 2d was inactive and the activity of 2m and S remained comparatively low (TOF:
6,300 h! for 2m and 4,600 h™! for 5, Table 5, entries 1 to 4). Therefore, the optimized reaction
conditions from Pidko and co-workers were further investigated.'”® Interestingly, dimeric
complex 2d outperformed its monomeric counterpart significantly (27,200 h'!' for 2d to

7,300 h! for 2m, Table 5, entries 6 and 7). Additionally, it was shown, that an increase in metal
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loading leads to the expected lower activity and higher yield (Table 5, entry 5). However,
established catalyst 5 proved to be the most active for this reaction (TOF: 36,000 h!, Table 5
entry 8).

3.1.4  Hydrogenation of unsaturated organic compounds

As 2m and 2d proved to be active hydrogenation catalysts, the reduction of different functional
groups became of interest, too. More specifically, acetophenone, 4-phenylbenzonitrile, methyl
benzoate and quinoline were chosen as benchmark substrates for ketones, nitriles, esters and
heteroaromatic compounds. In the presence of base (KO'Bu) all substrates could be reduced in
good to excellent yields under reaction conditions typically found used for homogeneous
ruthenium hydrogenation catalysis (64% to 98% yield, Scheme 3).!16 127 131-153 Ty most cases
monomeric catalyst 2m gave higher yields than the dimeric complex 2d (94% to 98% vs. 66%
to 77%). Notably, hydrogenation of methyl benzoate yielded the same yield (64%) for both
complexes.
[o] [Ru] (0.05 mol%) yield

KO'Bu (1.0 mol%)
10 bar Hz

3OC2h

2m: 98 %
2d: 77 %

N [Ru](0.5mol%)

KO'Bu (5.0 mol%) 2m: 94 %
50 bar H2 2d: 68 %

Ph

ﬁi@

T scien
[Ru] (0.25 mol%)
KO'Bu (10.0 mol%)
__ 30barH,

GOCﬁh

2m: 64 %
2d: 64 %

C;g

[Ru] (0.3 mol%)
KO'Bu (2.5 mol%)
10 bar Hz

4OCZh

2m: 96 %
2d: 66 %

zg\ /;

Scheme 3. Hydrogenation of functional groups utilizing guanamine-based ruthenium PNP-pincer complexes 2m

and 2d. Scheme adapted from ref!28,
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3.1.5  Catalyst integrity under catalytic conditions

As both complexes 2m and 2d typically exhibit different catalytic activity in the tested
reactions, it can be assumed, that there is no interconversion between both species. To further
prove the integrity of both species during catalysis, a solution of each complex was heated to
115 °C for 18 h. Only 8% of 2d converted into 2m, whereas no interconversion was observed
for the latter. In the presence of base (NEts3, 2 h, 90 °C), with both complexes no reaction took
place. Consequently, both complexes can be assumed to be stable under the employed reaction

conditions with the conversion of 2d to 2m only taking place at elevated reaction temperatures.
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3.2 Ruthenium PNPC-Pincer Complexes — A New Class of Metal

Pincer Complexes

Based on our research groups long interest in the application of different pincer complexes in

catalytic reactions,13’ 48, 60, 63, 113, 153, 154

we envisioned their immobilization to improve
reusability and economic viability (for an economic evaluation of pincer complexes in methanol
dehydrogenation see chapter 3.3). Therefore, the introduction of suitable substituents on the
nitrogen atom of the pincer ligand was investigated. This led to the serendipitous discovery of

a new class of metal pincer complexes, namely Ru-PNPC-ones.

3.2.1  Complex synthesis and characterization

For the immobilization of pincer complexes, it was planned to connect the complex to an
anchoring group on the support via a Sharpless-type click reaction. This concept was
successfully applied by Lo and Copéret for NHC-based pincer complexes in 2019.!%
Consequently, an alkyne group had to be introduced in the ligand backbone. Hence, ligand 7
was synthesized starting with the alkylation of bis-(2-chloroethyl)-ammonium chloride with 3-
(trimethylsilyl)-propargylbromide (Scheme 4). Subsequent phosphination yielded the protected

ligand 7’ in 75%. After its deprotection, ligand 7 was synthesized in 78% yield.
N N T
Y RN W PP PP PP PP

‘HCI —_— HP'Pr,, n-BulLi TBAF, AcOH \
76% —_— —_—
% 78%
: X 7o X , X

Br/\ ™S 7 ™S

TMS

Scheme 4. Synthesis of ligand 7 and its protected variant 7°. Scheme adapted from ref'*!.

Afterwards, the reaction of 7 with [Ru(CO)(C))H(PPh3);] was investigated (Scheme 5). At
60 °C reaction temperature, 6 d were needed to reach full conversion of the ligand. However, a
product mixture was formed. With an increased reaction temperature (120 °C), full conversion
could be achieved in 3 h. Additionally, better selectivity could be observed in 'H and *'P NMR
leading to the isolation of a mixture of 8 and 10 in 15% yield via column chromatography. To
improve selectivity and yield of the complex synthesis, n-butyl ammonium acetate was added.
Further, the reaction time could be decreased to 36 h at 60 °C. Finally, yield could be increased
to 66% in the reaction at 120 °C leading to the isolation of complexes 8 and 9 with a ratio of
41:59. Computationally, a difference in Gibbs free energy of 0.96 kcal/mol was calculated,
corresponding to a ratio of 17:83. It is worth noting, that the original target complex 11 could
not be obtained via this route, as the synthesis led to the serendipitous discovery of PNPC-

pincer complexes.
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Scheme 5. Synthesis of PNPC-complexes 8 to 10. Scheme adapted from ref'*!.

Complexes 8 and 9 were characterized by a combination of NMR and SC-XRD. Crystals
suitable for SC-XRD were obtained from a concentrated solution of the complex mixture in
ethyl acetate yielding mixed crystals of both species. In both 8 and 9, a distorted octahedral
coordination environment is formed around the metal center by two phosphorous, one carbon

and one nitrogen atom of ligand 7, as well as a carbonyl and chlorido ligand.

In complex 8 (Figure 11, left), the coordination of C19B to the metal center is indicated by its
chemical shift (1*C NMR: 160.0 ppm). Furthermore, the position of the double bond between
C18B and C19B is evident from the characteristic shift of the adjacent atoms ('"H NMR: 4.98
(H18B) ppm; *C NMR: 160.0 (C19B), 120.3 (C18B) ppm). The positioning of the double bond
is in further agreement with the observed bond length between C18B and C19B (1.336(10) A)
as it is within range of a typical C(sp?)-C(sp?) double bond.!*® 37 The assigned structure is
further supported by the splitting pattern, as it indicates the presence of a CH and a CH3 group

with a coupling constant of 2.0 Hz, being in line with a *J coupling.

Figure 11. Crystal structure of the mixed crystal of 8 (left, atoms with the suffix A are omitted) and 9 (right,
atoms with the suffix B are omitted) Displacement ellipsoids are drawn at 30% probability at 110 K.
Hydrogen atoms are omitted for clarity. Figure adapted from ref!*!.
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In complex 9 (Figure 11, right), a double bond can be located between C18A and C19A due to
the chemical shift of the adjacent atoms (‘H NMR: 5.70 (H18A), 4.45 (H19A) ppm; '3C NMR:
141.2 (C18A), 137.1 (C19A) ppm). Additional evidence can be found in the bond length of
1.352(7) A at this position. Based on these results in combination with the splitting pattern and
DEPT measurements, a N-CH=CH-CH» fragment was assigned. Subsequently, the

coordination of C20A to the metal center can be found in the crystal structure.

Complex 10 could only be characterized by NMR, as it was not possible to obtain crystals
suitable for x-ray structural analysis. Opposite to complexes 8 and 9, the double bond was
assigned between C19 and C20 by chemical shift of the corresponding atoms ('"H NMR: 7.27
(H20), 5.45 (H19) ppm; 3C NMR: 157.1 (C20), 124.5 (C19) ppm; For numbering of atoms see
Scheme 5). Based on these data, coordination of C20 to the metal center is likely. Furthermore,
the chemical shift of C18 ("*C NMR: 64.5 ppm) and H18 (\H NMR: 2.69 ppm) suggests the
presence of a NCH; fragment. Based on these findings in combination with splitting patterns

and coupling constants, structural elucidation could be realized.

™S
Pr,P PP / /
PP PP H
N [RUHCI(CO)(PPh3)s] rlq/\ ‘/\I/\
\ .

TMS

42% iPr,p—Ru— PrzP—Ru—P Pr,
™S C|\‘ o
co co
12-trans 12-cis
81 : 19

Scheme 6. Complexation of ligand 7’ to yield complexes 12-cis and 12-trans with a ratio of 19:81. The ratio of
both isomers was determined by 'H NMR and assigned by NOESY measurements. Scheme adapted
from ref'!,

In addition to these results, the complexation of ligand 7° with [Ru(CO)(CI)H(PPh3)3] was
carried out (Scheme 6). Pincer complex 12 could be synthesized in 42% yield. Notably, the
presence of the cis- and trans-isomers in an 19:81 ratio could be observed. Computationally, a
similar ratio of 11:89 was determined (12-trans was computed to be more stable by 1.25
kcal/mol than 12-cis). Moreover, the deprotection of 12 yielded an unknown main product,

whose structural elucidation was not possible.

B
SRS -S> NS R

—Ru—P Pr, PrzP—Ru—P ry PrzP—Ru PrzP—Ru—P Pry ‘ProP——Ru——P'Pr,
CI\\ o
co co
11 anti 8 9 1 0 13
(0.00) (-29.40) (-30.36) (-30.45) (-26.29)
[0.96] [0.00] [-0.09] [4.07]

Figure 12. Calculated Gibbs free energies of (AG, kcal/mol) of Ru-PNPC pincer complexes 8 to 11 and 13.
Figure adapted from ref'!,

For further investigation of the stability of the complexes, DFT calculations were performed
using B3PW91/TZVP for full structural optimization and energy calculations (Figure 12). It

could be shown that coordination of the propylene arm by its partial reduction with the hydrido
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ligand of the metal precursor is strongly exergonic by roughly -30 kcal/mol (Figure 12,
difference between 11 and 10, 13). Successive isomerization of the formed double bond leads
to complexes 8 and 9. It is worth noting, that exocyclic isomer 13 is significantly less stable,
than its endocyclic counterparts and could therefore not be observed experimentally.

S P@ s N’Aj

1 1
ProP—Ru—~>PPr,  ipr,p—Ru=—PPr, ProP—Ru—-PPr,  ipr,p—Ru=—PPr,
& S N o

—_—
N ~ 33% N N
" o c co ’ " co "o
8 9 14 15

Scheme 7. Synthesis of hydrido PNPC-complexes 14 and 15. Scheme adapted from ref'4!.

To enable the use of the complexes in base free reactions, complexes 8 and 9 were transformed
into the hydrido PNPC-complexes 14 and 15 utilizing NaBHEt3 (Scheme 7). The desired

product was isolated in 33% yield while retaining the isomeric ratio of the educt complexes.

3.2.2  Dehydrogenation of formic acid

Having synthesized several new Ru-PNPC-pincer complexes, first their potential in formic acid
dehydrogenation was investigated, as this reaction is of high interest for hydrogen storage
technologies, as highlighted in chapter 1.2.2. More specifically, a mixture of complexes 14 and
15 was employed, as they (i.e. complexes 8 and 9) could be synthesized in high yield. As it was
not possible to purify the isomeric mixture and obtain the pure complex, the mixture of both
isomers was used as catalyst. Previously, Beller and co-workers showed, that formic acid
dehydrogenation is unaffected by the concentration of base below a concentration of 0.7 M.!%
Indeed, this effect could also be observed for the new PNPC-complexes, where similar activity
was observed between complexes 14 + 15 and the base-activated complexes 8 + 9 (Table 6,

entry 1 and 2, 14 + 15: TOF: 598 h'!, TON: 1610; 8 + 9: TOF: 540 h™!, TON: 1500).

Furthermore, the new PNPC-pincer complexes 14 and 15 were compared to state-of-the-art
metal PNP-pincer complexes. As base-free formic acid dehydrogenation was examined, the
activated complexes 3-H and 4-H necessary for the reaction were prepared. As expected from
literature, complex 4-H proved to be the most active among the PNP-pincer complexes (Table
6, entries 3-5; 3-H: TOF: 378 ,4-H: TOF: 584, 16-BH: 415 h™!).!% To our delight, PNPC-pincer
complexes 14 and 15 gave similar activity compared to the PNP-pincer complexes.
Furthermore, it is worth noting, that activity was observed in additive free methanol
dehydrogenation for PNPC-complexes 14 and 15. However, in this latter case reproducibility

remained poor.
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Table 6. Additive free formic acid dehydrogenation utilizing ruthenium pincer complexes. Table adapted from
[Ru] 4.3 umol
H,0, Triglyme
HCOOH »  H,+CO,
Teet =92.5°C,3h

set

- o e ATN e A NS o

PrP—RU—PPr, R pipr, Prp—RE—PPr, PP ‘RU—P'sz PhoP
a co o lo W co g co BH, clo
14 15 3-H 4-H 16-BH
ref!!,

Entry Catalyst TOF i, [h!] TON3p CO content [ppm]

IR 8+9 540 1500 3

2 14 +15 598 1610 <1

3 3-H 378 1040 4

4 4-H 584 1730 2

5 16-BH 415 1280 3

Reaction conditions: a) formic acid (32 mmol, 1.2 mL), H,O (8.8 mL), triglyme (4 mL), catalyst (4.3 pmol),
92.5 °C. Reactions were performed at least twice with a standard deviation <15%, except
entry for 3. b) The complex was activated with 1.6 eq. of KOH prior to the reaction.

3.2.3  Transfer (de)hydrogenation of organic compounds

o
[Ru] 8 +9 (1.5 mol%)
a) KOH (0.18 eq), THF/acetone (1:1) I}I’\\I
70°C,4.5h iPr,P——Ru—FPPr,
&
44% cl co
° 8
[Ru] 8 +9 (1.5 mol%)
b) KOH (0.18 eq), THF/acetone (1:1) o
70°C, 72 h
' PN
OH ‘/\N/\]
92% |
'PryP ~Ru—P‘Pr2
o ol
Ru-MACHO 16 (1.5 mol%) co
c) KOH (0.18 eq), THF/acetone (1:1) 9
70°C,4.5h

98% H

[Ru] 8 +9 (1.5 mol%)
d) KOH (0.18 eq), THF
70°C, 16 h

/
E °
T
>
5
T
o
7
= Py
o—
o5 T
hY
T
>
N

1%

Scheme 8. Transfer dehydrogenation of 1-phenylethanol utilizing complexes 8 + 9 and 16. Scheme adapted from

ref!4!,

Reaction conditions: Substrate: 0.25 mmol; a, b, c: THF/acetone 1:1 (10 mL); d: THF (10 mL). Yields were
determined by GC-FID analysis using hexadecane as internal standard. Catalyst
concentration is reported as the amount of complex mixture employed. Equivalents refer to
the substrate.

Having observed good activity in dehydrogenation reactions, the potential of the new Ru-
PNPC-complexes in transfer dehydrogenation and transfer hydrogenation reactions was
investigated. Starting with the dehydrogenation of 1-phenylethanol, 44% yield was reached
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after 4.5 h (Scheme 8a). Comparing the PNPC-complexes 8 + 9 to the established Ru-MACHO
complex (16), 98% yield was reached with the latter under the same reaction conditions
(Scheme 8c¢). It was possible to increase yield with PNPC complexes 8 + 9 to 92% by raising
the reaction time to 72 h (Scheme 8b). Finally, the necessity of a hydrogen acceptor was
demonstrated, as a reaction without acetone in an open system led to low yield (Scheme 8d). It
is worth noting, that aldol addition and condensation of acetone was the main source of side
product formation (4-hydroxypentan-2-one and pent-3-en-2-one).

Having demonstrated good catalytic activity in the transfer dehydrogenation, the transfer
hydrogenation of unsaturated organic compounds was investigated. More specifically ketones,
alkanes and alkynes were examined utilizing reaction conditions established in literature
(Scheme 9).!42144. 158 159 In the transfer hydrogenation of ketones (acetophenone and
cyclohexanone) both substrates could be reduced in quantitative yield within 4 h utilizing 16 or
PNPC-pincer complexes 8 + 9 (Scheme 9a, 9b). When comparing both complexes at shorter

reaction times (15 min), PNPC-complexes 8 + 9 were outperformed by 16.
o

OH
[Ru] 8 +9 (1.5 mol%) NS
a) KOH (0.18 eq), 'PrOH | !
82°C.4h ProP Rlu_P‘Prz

crr
> 99% co
8
o) OH
[Ru] 8 + 9 (1.5 mol%)
b) KOH (0.18 eq), 'PrOH
82°C,2h ‘/\N@
| A1
PryP—Ru=—P'P|
>99% E— lu r
crr
co
[Ru] 8 + 9 (2.0 mol%) 9
c) Ph—==—Ph KOH (1.0 eq), MeOH S L N N
120 °C,48 h
95% 5% H
(E)I(2) =11.4 N »
| A
Ph,P——Ru—~PPh,
(E) [Ru] 8 + 9 (1.0 mol%) &
d) Ph/\/Ph KOH (1.0 eq), MeOH/H,0 (2:1) Ph/\/F’h ¢]] o
120 °C, 16 h 16

3%

Scheme 9. Transfer hydrogenation of unsaturated organic compounds utilizing complexes 8 + 9. Scheme adapted

from ref'!,

Reaction conditions: a, b: Substrate: 0.25 mmol, ‘PrOH (10 mL); c: Substrate: 0.25 mmol, MeOH (2 mL); d:
Substrate: 0.25 mmol, MeOH/H>O 2:1 (2 mL). Yields were determined by GC-FID analysis
using hexadecane as internal standard. Catalyst concentration is reported as the amount of
complex mixture employed. Equivalents refer to the substrate.

Having observed activity in the dehydrogenation of methanol (see chapter 3.2.2) its use as the
hydrogen source was investigated in the transfer hydrogenation of alkenes and alkynes. In the
transfer hydrogenation of diphenylacetylene semi-hydrogenation of the triple bond to stilbene
was observed in 95 % yield within 48 h (Scheme 9c). The remaining 5% were attributed to the
fully reduced product. The catalyst slightly favored the formation of the (Z) isomer over the (E)
isomer (E/Z = 1/1.4). Jagadeesh, Balaraman, and co-workers utilized Ru-MACHO 16 for the
same reaction and observed invers selectivity with an E/Z ratio of 100/1.!® Additionally, higher

side-product formation i.e. over reduction was observed in their case (10% compared to 5%).
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To further highlight the improved chemoselectivity, the reduction of stilbene was attempted
utilizing the optimized reaction conditions by Jagadeesh, Balaraman, and co-workers.'>® Here,
only 3% of the fully reduced product was found with complex 8 + 9 (Scheme 9d). Furthermore,
the transfer hydrogenation of diazobenzene and methyl benzoate were attempted
unsuccessfully.

3.2.4  Mechanistic investigations

As the complexes 14 and 15 (and complexes 8 and 9) proved to be active catalysts in various
transfer hydrogenation and dehydrogenation reactions, the elucidation of the reaction
mechanism came to our attention. Especially the stability of the characteristic Ru-C bond is of
interest. Focusing on formic acid dehydrogenation, a reaction via an inner sphere mechanism
can be expected, as it was postulated for related Ru-PNP complexes.”’ Based on this
mechanism, two reaction pathways are possible, which were investigated by DFT calculations
for complexes 14 and 15 (Figure 13 and 14): First, coordination of formic acid proceeds via
Ru-C bond cleavage, a formal metathesis between the Ru-C bond of the complex and the O-H
bond of formic acid, resulting in the formation of complexes 14A and 15A (Ru-C route,
cleavage of Ru-C bond). Subsequent CO- release leads to the formation of dihydrido complexes
14B and 15B. In the second route, a formal acid base reaction between the metal hydride and
formic acid leads to the release of hydrogen gas and the formation of formate complexes 14C
and 15C whilst keeping the Ru-C bond intact (Ru-H route, Ru-C bond stays intact). Reaction
is followed by the release of CO; to reform complexes 14 and 15. It is worth noting that

complexes 14 and 15 are isoenergetic thereby enabling direct comparison of their activity.
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Figure 13. Formic acid dehydrogenation with complex 14 showing Ru-H (left) and Ru-C (right) route. Gibbs
free energies are given in kcal/mol. Figure adapted from ref'!.

For complex 14, initial reaction with formic acid is energetically more favoured via the Ru-C
route (-12.20 kcal/mol) than the Ru-H route (-5.54 kcal/mol, Figure 13). Consequently,
breaking of the Ru-C bond is thermodynamically more favored than of the Ru-H bond by
6.66 kcal/mol. In the Ru-C route, CO; elimination proceeds via CH-activation and
TS(14A/14B) with a Gibbs free energy barrier of 12.10 kcal/mol. It is exergonic by
0.87 kcal/mol. Subsequent hydrogen release by a reaction of 14B with one equivalent formic
acid and regeneration of 14A is exergonic by 9.81 kcal/mol. In the Ru-H route CO> elimination
proceeds via C-H activation and TS(14C/14). It has a Gibbs free energy barrier of
12.54 kcal/mol and is exergonic by 5.14 kcal/mol. Additionally, complex 14 is regenerated.

Comparing both routes, they have close Gibbs free energy barriers (12.10 and 12.54 kcal/mol).
However, due to the higher stability of 14A compared to 14C, Ru-C route should be more

favored based on the Curtin-Hammett principle.

Similar to complex 14, for complex 15 the initial reaction with formic acid is
thermodynamically more favored via Ru-C route, than Ru-H route (-7.65 kcal/mol vs. -
4.52 kcal/mol). CO; release and C-H activation via TS(15A/15B) is slightly exergonic by
1.01 kcal/mol in the Ru-C pathway with a Gibbs free energy barrier of 11.63 kcal/mol.
Subsequent reaction with one equivalent of formic acid and H: release is exergonic by
9.67 kcal/mol, leading to the reformation of 15A. In the Ru-H route CH-activation and CO>
release is thermodynamically favorable by 6.16 kcal/mol. The energy barrier of TS(15C/15) is
with 10.70 kcal/mol smaller, than in the Ru-C route (TS(15A/15B): 11.63 kcal/mol).
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Figure 14.  Formic acid dehydrogenation with complex 15 showing Ru-H (left) and Ru-C (right) route. Gibbs

free energies are given in kcal/mol. Figure adapted from ref'!.

To summarize, in both complexes 14 and 15, Gibbs free energy barriers of the transition states
of both routes remain close (12.10 vs. 12.54 kcal/mol and 11.63 vs. 10.70 kcal/mol). However,
considering the stability of the formate complexes 14A, 14C, 15A, and 15C reaction via the
Ru-C route should be thermodynamically more favorable. In addition, the kinetic isotope effect
(KIE) for deuterated formic acid (DCOOD) was determined to be 3.05 for 14 and 3.57 for 15

in the Ru-C route.

Experimental investigations were carried out to prove, weather formic acid dehydrogenation
proceeds via Ru-C or Ru-H route. In a first reaction, the mixture of complexes 14 and 15 was
reacted with stoichiometric amounts of formic acid and monitored at different reaction times
by NMR. Overall, 5 main products were observed, whose concentration changed with ongoing
reaction time. After 6 h, mainly one product was formed, which was assigned to 15C due to the
presence of one formate signal ('"H NMR: 9.02 (s) ppm), the absence of a hydride signal and
the chemical shift of the phosphorous atoms, as well as the propene-arm ('"H NMR: 5.66 (dt,
J=5.1, 3.3 Hz), 4.39 (dt, J = 4.8, 2.3 Hz) ppm; >'P NMR: 60.09 ppm). Furthermore, the

observed characteristic signals are similar to those of the related formate complex 4-FA.”°

After 5 d at RT, the amount of 15C decreased to 44%. Furthermore, the observation of four
other species became possible. Characteristic signals were assigned to hydrido formate
complexes ("H NMR: 9.27 (s), 9.24 (s), 9.19 (s), 9.17 (s), -16.84 (t, J = 18.6 Hz), -16.90 (t, J =
18.2 Hz), -16.99 (t, J = 18.7 Hz), -17.17 (t, J = 18.8 Hz) ppm; *'P NMR: 71.84, 71.14, 69.61,
69.37 ppm), showing similarities to 4-FA. Consequently, the structures of 14A, 15A and their
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corresponding cis isomers were assigned (referring to the orientation of the propylic arm and
the hydrido ligand).

D

o > NP~ ;ﬁ an

'
'Pr,P——Ru—P'Pr,
8

iPr,P——RuZ—PPr, . N iPr,P——RU—FP!
K * S 65°C 3d iPr,P——Ru—PPr, I ProP ——Ru——PPr,
H H ) B Pr,P Ru—P'Pr, HCOO' ¢o
co co D 0CDO < Nocoo 4FA
14 15 co D do -
17 18

Scheme 10. Transfer hydrogenation of unsaturated organic compounds utilizing complexes 8 + 9. Scheme adapted
from ref'*!.

In a second experiment, catalysis was performed in the presence of deuterated formic acid
(DCOOD, Scheme 10). As the PNPC-ligand stays intact in the Ru-H pathway, no incorporation
of deuterium into the ligand backbone is expected. Further, the formation of a Ru-D or Ru-
OOCD complex is likely. In the Ru-C pathway, the Ru-C bond is broken and consequently, the
incorporation of deuterium into the ligand backbone is expected. Furthermore, a
[Ru(D)2(CO)(PNP)] or [RuD(OOCD)(CO)(PNP)] species should be formed. After reaction at
65 °C for 3 d in a pressure tube, the reaction solution was analyzed by NMR. Similar to the
reaction with stoichiometric amounts of formic acid, formate and hydride signals were found
(*H NMR: 8.43 (s, br), -17.19 (s, br) ppm). In combination with the *'P NMR spectrum (*'P
NMR: 71.59, 69.69 ppm), the formation of hydrido formate complexes is indicated.
Furthermore, signals in the alkylic region were observed (*H NMR: 3.60 (s, br), 2.79 (s, br),
1.76 (s, br), 1.55 (s, br), 1.28 (s, br), 0.75 (s, br) ppm) and in combination with TOCSY and
2D-measurements assigned to propylic groups. Consequently, the formation of 17 and 18 is
likely.

Based on these results, the initial formation of 14C and 15C upon addition of formic acid should
be kinetically controlled and the subsequent formation of other products (Ru-H vs. Ru-C route)
thermodynamically controlled. Thus, in the beginning of the reaction, catalysis mainly proceeds
via Ru-H route. With ongoing reaction time, the concentration of 14A and 15A increases and

the Ru-C pathway should become dominating.
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3.3 A Critical Evaluation of Methanol APR

3.3.1 Development of standardized reaction conditions

As methanol is a promising energy carrier, we became interested in investigating its reformation
to hydrogen gas as part of the hydrogen economy. Additionally, as highlighted in chapter 1.2.1,
ruthenium and iron pincer complexes were among the most active ones in this reaction.
Therefore, we became interested in evaluating the previously introduced Ru-PNPC- and Ru-
guanamine-based PNP-pincer complexes in methanol APR. For an improved evaluation of new
catalysts in this reaction, standardized reaction conditions will be developed and evaluated.
Additionally, methanol reformation is critically investigated towards its potential as an energy

storage medium on an industrial scale.

Scientific literature revealed a high impact of different reaction conditions, including additives,
on the catalytic activity (see chapter 1.2.1). To develop standardized reaction conditions,
reported examples were evaluated based on two main criteria: 1) Catalysts should show good
activities under the respective reaction conditions, and 2) should allow for the generation of
significant amounts of hydrogen gas in a quickly reached and stable working phase.
Additionally, catalysts should operate at low temperatures (<100 °C) and with high selectivity
(<10 ppm CO impurities). Based on these criteria, two different reaction conditions were

chosen as a potential standard:

1.: Basic additives (Beller and co-workers): MeOH (9 mL), H,O (1 mL), triglyme (20 mL),
KOH (10 mmol), catalyst (0.015 mol%, 8.5 umol), Tset = 92.5 °C.5!

2.. Lewis acidic additives (Bernskoetter, Hazari, Holthausen, and co-workers): MeOH
(160 uL), HO (18 uL), EtOAc (10 mL), LiBFs (0.1 mmol), catalyst (0.01 mol%,
0.1 pmol), Tset = 80 °C.%

In the work by Bernskoetter, Hazari, Holthausen, and co-workers high stability (TON:
51,000 h'') was quickly reached during a stable working phase. Basic additives on the other
hand showed a high activity during a quickly reached working phase whilst retaining high
stability (TON: 10,000; TOF: 190 h!). These latter reaction conditions will be highlighted first

in the following chapter.

3.3.2 Basic additives

Proper evaluation of (strongly) basic additives requires a closer look on the underlying
reactions. Generally, high reaction temperatures and ambient pressure are beneficial for
methanol APR (most literature systems operate between 80 and 100 °C). Without additives,
these reaction temperatures can’t be reached, as the internal reaction temperature is limited by

the boiling point of methanol (65 °C).°! The reaction temperature can be increased by the
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addition of a strong base.*® 31:3% 5863 For example, in an 8 M KOH solution, internal reaction
temperature increased to 88.5 °C.>! Another way to achieve the same result is the introduction

of a high boiling solvent in addition to lower amounts of a strong base as additive.”!

Evaluation of the effect of a strong base (for simplicity KOH in the following example) on
catalysis requires a closer look at the underlying reactions. In the beginning of the reaction,
KOH consumes the produced CO; and is thereby converted to carbonate (equation 1). Thus, a
strong base is converted in a weaker one and the pH-value drops. This process is called initiation
phase and ends when all base is consumed (Figure 15). It is characterized by a high reaction

rate and the evolution of pure hydrogen gas. As it consumes base, the process is not sustainable.
CH;0H + H,0 + KOH — 3 H, + KHCO4 (1)
CH;0H + H,0 = 3 H, + CO, )

After the initiation phase, the working phase starts. As there is no more strong base being
consumed, a stable pH is reached and a mixture of H> and CO; is produced (equation 2).
Consequently, a stable reaction with lower activity, than in the working phase is reached

(Figure 15).
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Figure 15. Exemplary ruthenium catalyzed methanol APR showing different reaction phases. Scheme adapted
from ref*2,

As low base concentrations are beneficial for quickly reaching the working phase, the addition
of a high boiling solvent is necessary to reach high reaction temperatures. Therefore, the
reaction conditions developed by Beller and co-workers in 2019 were chosen for further

evaluation as a potential standard among all other base-mediated literature examples.’!

Having defined standardized reaction conditions, their suitability was first investigated using
different ruthenium pincer complexes (Table 7). To validate our results, two literature known
complexes were investigated first. Indeed, with a working phase TOF of 143 h'! for 3 and

168 h! for 4, comparable results to literature were obtained (Table 7, entries 1 and 2).! It is
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worth noting, that an increase in CO impurities was observed (53 and 19 ppm, respectively).

Similarly, with most other catalysts, a CO content between 10 and 90 ppm was detected.

Table 7. Ruthenium catalyzed methanol APR utilizing basic reaction conditions.® Table adapted from ref>2.
[Ru] (8.5 ymol Ru)
KQH (10 mmol)
MeOH + H,0 Triglyme 3H,+CO,
Teet=92.5°C

)\ )\N =
j; JN\ )%l\IIJ\E—‘PrZP—E:SH—P'Pr I/\ /Ch ‘/\ /Cﬁ HN/gNlNH

iPr,P—R{— iPr P—Ru—P'Pr | o
cr M ‘PrzP—Ru/—P'PrQ—N PrP R” PPr, T2 ? prp—RI—PPr,

|, g H
iPr,p—RU—PP H co CO 71
I i Iu 1} H Co H\r \r 3 ¢ R L
H co 2d 6
zm \r

Ph

s B oy ol L LG

PrP—RU=—PPr,  iprp—RuZ—PPr, PhP—RU—PPh, o L L ci
o o SN 7 ? PrP—RI—PPr, iPryP — Ru——PiPr,
co ¢ H co /1 2 2
co co H lo W Neo
8 9 16 19 20 21

Entry Catalyst

Initiation  Initiation phase Working phase Gas evolution = CO content

time [h] TOF [h] TOF [h!] rate [mL/h] [ppm]
1 3 1.8 917 144 42 57
2 4 3.0 547 168 48 24
3 8+ 9 3.5 519 153 43 50
4 192 4.d9 16 - - 65
5 16 2.7 597 153 44 58
6 20 5.0 339 122 33 <10
7 6 18 h 84 0 0 563
8 2mY 8d 9 2 0.43 86
9 24Y 31d9 5 - - 31
10 21 30 d© 4 - - 578

Reaction conditions: a) MeOH (9.00 mL), H,O (1.00 mL), triglyme (20.0 mL), KOH (10.0 mmol), catalyst (8.32
to 8.99 umol), Tst = 92.5 °C. TOF was calculated as an average over the whole initiation or

working phase. Gas evolution rate was calculated as an average over the whole working

phase. Working phase started after 340 mL gas evolution. b) For these complexes, methanol

APR was not extensively demonstrated prior to this work. c¢) Estimated initiation time.

As evident from these reproduction experiments, nitrogen substitution can have a significant

effect on activity. Therefore, other substituents were investigated. Starting with the PNPC-

pincer complexes 8 + 9, similar activity to complex 4 was observed (working phase TOF:

153 h!, Table 7, entry 3). The same trend could be observed for formic acid dehydrogenation
(see chapter 3.2.2). When switching to a phenyl substituent (complex 19), low catalytic activity
was observed during initiation phase (TOF: 16 h'!) even though the catalyst is known to be

highly active in formic acid dehydrogenation (Table 7, entry 4).1°° Due to the long estimated

initiation time, no working phase was recorded.
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Next, a commonly used pincer complex, namely Ru-MACHO 16, was investigated (Table 7,
entry 5). With a high working phase activity of 597 h'! it is among the most active catalysts for
methanol APR. Based on these promising results from complexes 3, 4, 8 + 9, and 16, next
variations in the ligand backbone were investigated. With a pyridyl group in the backbone
(complex 20), an increase in initiation time to 5 h was observed (Table 7, entry 6). Catalytic
activity during working phase was at 122 h"!. When additionally introducing aminophosphine
moieties to the ligand (complex 6), initiation time further increased to 18 h (Table 7, entry 7).
However, all activity was lost in the working phase. Furthermore, it is worth noting, that CO
impurities increased over the course of the reaction (10 ppm at 6 h to 563 ppm at 7 d). This
increase corresponds to the loss of the CO ligand from the catalyst, rendering it inactive. Newly
introduced guanamine based pincer complexes 2m and 2d (see chapter 3.1) showed long
initiation time (8 d and 31 d, respectively, Table 7, entries 8 and 9). 2m further showed low
activity during working phase (TOF: 2 h!). Lastly, an acridine based pincer complex 21,
recently employed by Milstein and co-workers in methanol APR, was investigated.”’ In their
case reaction was carried out at 150 °C with thiol additives. However, at 90 °C catalytic activity
remained low (initiation phase TOF: 4 h''), rendering the observation of the working phase

impossible (Table 7, entry 10). In addition, with 578 ppm, high CO impurities were detected.

Table 8. Metal catalyzed methanol APR utilizing basic reaction conditions.® Table adapted from ref*2.
catalyst (8.5 pmol)
KOH (10 mmol)
MeOH + H,0 Triglyme 3H,+CO,
Teet = 92.5°C

H H

Ay ey oy ey o

Pr,p—Mn—FP'Pr, PPh,—Mn—FPPh, 'Pr,P——Feé——PIPr, Pr,P——Fe——PHPr, iPr,P IF——P'Pr,

oc’ ¢o oc’ o HsB" co HB" co H ¢
22 23 24-BH 25 26
1 22 - - - - -
2 23D - - - - —
3 24-BH 8.7h 183 44 12 48
4 259 17 ho 92 - - 112
5 269 54d 17 3 0.75 60

Reaction conditions: a) MeOH (9.00 mL), H,O (1.00 mL), triglyme (20.0 mL), KOH (10.0 mmol), catalyst (8.41
to 8.99 umol), Tset = 92.5 °C, 6 h. TOF was calculated as an average over the whole initiation
or working phase. Gas evolution rate was calculated as an average over the whole working
phase. Working phase started after 340 mL gas evolution. b) For these complexes, methanol
APR was not investigated prior to this work. c) Estimated initiation time. d) Working phase
started after 450 mL gas evolution.

As highlighted in chapter 1.2.1 other metal complexes showed promising results in methanol
APR. Therefore, iridium, manganese, and iron pincer complexes were further investigated

under the proposed standardized reaction conditions (Table 8). First, manganese pincer
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complexes 22 and 23 were examined (Table 8, entries 1 and 2). Despite being successfully
applied previously,®? they proved to be inactive under these reaction conditions. Iron pincer
complex 24-BH yielded better results (Table 8, entry 3). During the initiation phase a TOF of
183 h'! was reached. Compared to previous results with similar employed base concentrations,
this marks a significant improvement (0.5 M KOH, TOF: 10.3 h").%* Due to this enhancement,
it was possible to record the working phase for the first time in base mediated iron catalyzed
methanol APR with a TOF of 44 h!. Besides this iron complex, its N-methylated variation 25
was investigated, as it is known to be active in formic acid dehydrogenation'é! despite iron
pincer complexes typically following an outer sphere reaction mechanism (Table 8, entry 4).5%
154.162-165 I, this case, initiation phase activity was recorded (TOF: 92 h'!). However, it remained
lower by about 50% than for complex 24-BH.

Besides these iron and manganese complexes, iridium pincer 26 was examined under the
proposed standardized conditions (Table 8, entry 5). In the initiation phase, a strong increase in
activity was observed. However, this phase of high activity was not stable and reaction rate
slowly decreased. Iridium catalysts are known for their pH-sensitivity. As the pH-value is
changing throughout the initiation phase, this “high activity phase” can be attributed to the pH-
value where catalyst 26 works optimally. As one of the main criteria for the working phase is a
high stability, the start of the working phase was chosen to be after the production of 450 mL
of gas. Within this phase 26 was active with a TOF of 3 h'!. Furthermore, due to the formation

of CO impurities (60 ppm), the formation of the inactive iridium carbonyl complex is likely.®

3.33 Lewis acidic additives

Having investigated the first proposed standard reaction conditions, we switched our focus to
the second set of reaction conditions using Lewis acidic co-catalysts. Bernskoetter, Hazari,
Holthausen, and co-workers established the following reaction conditions in their work about

the iron-catalyzed methanol APR:%

MeOH (160 pL), H>O (18 uL), EtOAc (10 mL), LiBF4 (0.1 mmol), catalyst (0.01 mol%,
0.1 pmol), Tser = 80 °C.

Utilizing these optimized reaction conditions, they achieved a high TON of 51,000 with iron
PNP-pincer complex 24-FA (Table 9, entry 1). Switching to the related complex 24-BH, no gas
evolution was observed after 18 h (Table 9, entry 2). Furthermore, activating the complex with
base prior to the reaction led to no improvement (Table 9, entry 3). Therefore, reaction
conditions were altered stepwise towards the basic reaction conditions described in the previous
chapter (Table 9, entries 4-6). During these reactions, gas evolution cold only be observed in
presence of base. The same result was obtained for ruthenium and iridium complexes 3 and 26
(Table 9, entries 7 to 14). They also proved to be inactive when only Lewis acidic additives

were employed and showed activity as soon as base was introduced to the reaction system.
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Notably, in all cases productivity was higher when only base and no Lewis acid were employed
(280 mL to 304 mL for iron, 429 mL to 523 mL for ruthenium and 43 mL to 82 mL for iridium).

Kirchner, Gonsalvi, and co-workers observed the same result with Lewis acidic additives.

Table 9.

Investigation of Lewis acidic additives.” Table adapted from ref*2.

catalyst
LiBF, and/or KOH
solvent

Toer = 80 t0 94 °C

N

MeOH + H,0 3H,+CO,

SO0

a0

110

iPr,p——Fe—PPr, iPryp——Fe—PPr, iPr,pP——RU—P'Pr, iPr,P r——PlPr,
Hcoo” co HE7 co H lo H ¢
24-FA 24-BH 3 26
Entry Catalyst Catalyst amount Solvent Additives Gas evolution
[umol] [mL]
164 24-FA 0.10 EtOAc 10 mol% LiBF,4 98
2 24-BH 0.10 EtOAc 10 mol% LiBF, 0
10 mol% LiBF4
3 24-BH 0.10 EtOAc 0
0.1 mol% KOH
4 24-BH 8.39t0 8.49 Triglyme 10 mol% LiBF, 0
) 10 mol% LiBF,,
5 24-BH 8.44 t0 8.74 Triglyme 280
18 mol% KOH
6 24-BH 8.52 10 8.74 Triglyme 18 mol% KOH 304
7 3 0.10 EtOAc 10 mol% LiBF4 0
8 3 8.49 to 8.66 Triglyme 10 mol% LiBF,4 0
o/ 1
9 3 8.60 to 8.71 Triglyme 0 mol% LiBFs, 429
18 mol% KOH
10 3 8.85t0 8.90 Triglyme 18 mol% KOH 523
11 26 0.10 EtOAc 10 mol% LiBF,4 0
129 26 4.25 to 4.47 Triglyme 10 mol% LiBF,4 0
1 1% LiBF
139 26 4.26 Triglyme 10 Mol LiBEs, 43
18 mol% KOH
14¢) 60 26 4.18 Triglyme 18 mol% KOH 82

Reaction conditions: a) Reaction conditions with EtOAc as solvent: MeOH (160 pL), H,O (18 pL), EtOAc
(10.0 mL), LiBF4 (10 mol%, 0.1 mmol), catalyst (0.01 mol%), Tt = 80 °C. The gas evolution
after 18 h is recorded. Reaction conditions with triglyme as solvent: MeOH (9.00 mL), H,O
(1.00 mL), triglyme (20.0 mL), KOH (18 mol%, 10 mmol), LiBF4 (10 mol%, 5.55 mmol),
catalyst (8.39 to 8.90 umol), Tset = 92.5 °C. The gas evolution after 6 h is recorded. Reactions
without base were performed with the activated catalysts [Ru(PN'P'Pr)(CO)(H):] and
[Ir(PN"P'Pr)(H)]. b) The gas evolution after 52 h is recorded. ¢) Reaction conditions: MeOH
(9.00 mL), H>O (1.00 mL), KOH (5.00 mmol), LiBF4 (5.00 mmol), catalyst (4.18 to 4.47

pmol), Tset = 94 °C. The gas evolution after 3 h is recorded.
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To summarize, experimental results indicate a detrimental effect of Lewis acids on the catalytic
activity in most cases. Therefore, low general applicability and poor suitability of the Lewis

acidic reaction conditions can be determined.

3.34 Economic considerations

Having established and evaluated reaction conditions suitable for potential industrial
applications, the viability of the best catalytic systems is economically examined. Currently,
fossil fuel-based hydrogen gas is priced around 2 $/kg. For the competitive production of
hydrogen gas from methanol, a catalyst cost of 5% of the product price is assumed, a value
typically found in industrial applications. Accordingly, a catalyst must be priced at less than 2.0
- 10™* $/molm> produced. With this figure, the target productivity (TON) in dependence of the

catalyst price can be calculated (Figure 16).

TO

Catalyst price in $/mo

Figure 16. Catalyst productivity (TON) in dependence of its cost for methanol APR (blue). The red dot marks
cost and TON for the commercially available so far best catalyst 3 under basic reaction conditions.
For a catalyst to be commercially viable, it has to be above the blue line. Figure adapted from ref*2.

Examining the best commercially available catalyst 3 (priced at 405 $/g or 190,000 $/mol), a
TON of 10° must be reached, for commercial viability. Considering the current activity, a
lifetime of 750 years would need to be reached! As such timeframes are unrealistic, catalysts
would need to be improved by at least three orders of magnitude in terms of activity and/or
cost. To achieve such increases, completely new catalysts need to be developed whilst keeping
these realistic requirements in mind. Furthermore, it is important to consider the cost of both
metal and ligand, as they are for complexes like 3 nearly equally high. Therefore, switching

from ruthenium PNP to iron PNP complexes does not significantly reduce catalyst costs.
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4 CONCLUSION AND OUTLOOK

To summarize, multiple new ruthenium pincer complexes were synthesized and fully
characterized by NMR spectroscopy and SC-XRD. More specifically, guanamine-based pincer
complexes were synthesized. Interestingly, a monomeric 2m and dimeric species 2d were
formed. It was only possible to convert 2d into 2m under harsh conditions. Thus, a good
stability can be assumed during catalysis. Both complexes were examined in six different test
reactions: the dehydrogenation of formic acid, hydrogenation of CO., and the reduction of four
organic unsaturated compounds. In general, good to excellent yields and activities were
obtained in all reactions with 2m typically slightly outperforming 2d. Notably, 2m even

outperformed established pincer complexes in the dehydrogenation of formic acid.

Besides these guanamine-based pincer complexes, a new subclass of pincer complexes, namely
PNPC-pincer complexes, was introduced. They are characterized by the coordination of two
phosphorous, one nitrogen and one carbon atom of the pincer ligand to the metal center. The
catalytic activity of these complexes was investigated in base the free formic acid
dehydrogenation and in the transfer (de)hydrogenation of organic molecules. Within these
reactions, similar catalytic activity to state-of-the-art pincer complexes was observed.
Mechanistic investigations revealed two competing reaction pathways. In the first, the Ru-C
mechanism, the Ru-C bond is cleaved by a formal metathesis with the O-H bond of formic acid.
In the second, the Ru-H mechanism, the Ru-C bond stays intact, and formic acid activation
proceeds via an acid base reaction with the ruthenium hydride. Experimental results indicated
the Ru-H mechanism to be dominant in the beginning of the reaction, while the Ru-C

mechanism slowly takes over with ongoing reaction time.

These newly synthesized and state-of-the-art complexes were further employed in methanol
APR. For this purpose, two sets of standardized reaction conditions were proposed whilst
keeping industrial application in mind. The first reaction conditions focus on base mediated
methanol APR. The most active complexes under these reaction conditions are 3, 4, 8 + 9, 16,
20, and 24-BH. The second standardized reaction conditions are based on Lewis acidic co-
catalysts. Here, a low general applicability to other complexes was observed, rendering these

reaction conditions unsuitable as a standard.

Lastly, evaluations of the economic viability of methanol APR revealed a striking need for new
cheap and highly active catalysts, as state-of-the-art systems proved not to be economically
viable. Within this work we demonstrated the synthesis of highly active catalysts. However, as
they are based on expensive noble metals and ligands, their economic viability in methanol
APR most likely remains low. Therefore, we would like to encourage all researchers working
on this topic to specifically explore combinations of abundant metals and cheap ligands whilst

keeping an economically viable process in mind.
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a) Initiation phase TON/TOF. b) Working phase TON/TOF. ¢) No full dehydrogenation of methanol was
performed. The reaction product was formic acid or potassium formate.
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ABSTRACT: Reaction of [RuHCI(CO)(PPh;);] with ligand
N,N'-bis(diisopropylphosphino)-benzoguanamine leads to the

formation of monomeric and dimeric ruthenium complexes.

Investigations of the stability of these guanamine-based PNP-

pincer complexes reveals that no interconversion between both

species is taking place under reaction conditions employed. Hence,

both species are tested in different model reactions and compared

to state-of-the-art systems. The new complexes show good to

excellent performance in the dehydrogenation of formic acid and

the hydrogenation of CO,. Notably, in the former reaction, the /\
monomeric complex is more active than all so far reported systems.
Additionally, both complexes are utilized in the hydrogenation of
different functional groups (ketone, nitrile, ester, N-heteroarene),
important in organic synthesis. Generally, the monomeric species is more active than the dimeric one, which can be attributed to the
difference in steric shielding of the metal center.

2m 2d

H INTRODUCTION McGuinness, Wasserscheid, and co-workers utilizing a
chromium pincer complex in the trimerization of ethylene.z"
Shortly after, Kamaluddin patented the respective iridium and
ruthenium catalysts for the transfer hydrogenation of various
functional groups.”® In 2011, Kuriyama and co-workers
introduced the famous Ru-MACHO complex for the hydro-
genation of esters.” Starting in 2012, further pincer complexes
based on earth-abundant metals were introduced and applied
in a variety of (de)hydrogenation and polymerization
reactions.””” ' Pincer ligands with a pyridyl-group in their
backbone were applied in an in situ system by Kawatsura and
Hartwig for the addition of amines to acrylic acid derivatives.*”
One year later, a defined cobalt complex was utilized in
Bthylene pulyrnerizatinn b}' Riﬁgﬂl' and CU'WUI’kE[S.}‘ AﬁEI"
wards, Milstein and co-workers described multiple defined
complexes with exceptional reactivity in (de)hydragenation
reactions.”* " Further variations of the ligand backbone were
performed by Kirchner and co-workers, who applied the
respective palladium complexes in Suzuki—Miyaura cross-
coupling and iron complexes for the synthesis of 3-hydro-

A key challenge for the chemical industry in the next decade is
to realize the feedstocks transformation from fossil to
'=5 For this process, catalysts are of
utmost importance, as they enable new and more selective
reactions with lower energy consumption.m_g Moreover,
catalytic reactions present a cornerstone of the chemical
industry, as the manufacturing of over 80% of products
includes at least one catalytic step.””~'" Hence, the continuous
development of new catalysts is essential for existing and new
processes in a future, green chemical industry.’

Historically, milestones of the chemical industry came hand
in hand with the development of new catalysts. Important
examples of heterogeneous catalysts include iron-based
systems in the Haber—Bosch process'> or Cu/ZnQ/ALO; in
the methanol synthesis."* In contrast, homogeneous complexes
are preferred for fine chemical synthesis, e.g, palladium-
catalyzed courling,” metathesis," """ and (de)hydrogenation
reactions.'* ' More specifically, metal PNP-pincer complexes
have become state-of-the-art catalysts for the latter and related
reactions over the past two decades (Figure 1).1822=25 por

renewable resources.

example, Ru-MACHO was recently used for the reduction of Special Issue: Applied Organometallic Chemistry
2.2 t of methyl (R)-lactate to the corresponding diol at room Received: December 19, 2023
temperature.”® As evident from this exceptional result, pincer Revised:  February 6, 2024
ligands are very promising for future applications in industry. Accepted: February 7, 2024
The first homogeneous catalytic applications of PNP-pincer Published: February 24, 2024

ligands with an aliphatic backbone were performed by

© 2024 The hors. Publish
202 Amir?(l;:'\ %ﬁemﬁ?ﬁlssggie% https://doi.org/10.1021/acs.organomet.3c00523
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Figure 1. Timeline for the development of metal PNP-pincer complexes applied in catalysis. Colors symbolize the kind of ligand backbone.

Scheme 1. Synthesis of Monomeric and Dimeric Ruthenium Complexes 2m and 2d
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acrylates.”" In addition, Huang and co-workers studied the reaction protocol previously applied for a different complex
corresponding ruthenium complex in transfer hydrogena- (Figure 1) by Huang and co-workers."" However, complex-
tions." Later, manganese’' and cobalt™ complexes were ation of the ligand with the metal precursor resulted in the
investigated in the alkylation of amines with alcohols and the formation of multiple products, which could be separated by
hydrogenation of nitriles. column chromatography. Initial NMR analysis of the obtained
The first applications of pincer ligands based on guanamine fractions did not lead to clear structural determination.
were shown by Michlik and Kempe in 2013.% " Utilizing the However, high resolution mass spectrometry suggested the
corresponding Ir complexes, they synthesized pyrroles form formation of a monomeric and dimeric species. Full structural
amino alcohols and secondary alcohols. In 2015 and 2016, the resolution could then be obtained by SC-XRD (Figures 2 and
corresponding cobalt,” manganese,” and iron complexes* 3). Crystals of complexes 2m and 2d suitable for X-ray
were synthesized and applied in hydrogenation and alkylation structural analysis were obtained by vapor diffusion of pentane
reactions. into a saturated THF-solution of the corresponding complex.
This latter subclass of ligands can easily be varied in the In both complexes, 2m and 2d, the metal centers are
triazine ring of the ligand backbone (Figure 1, R'). coordinated by two phosphorus and one nitrogen atom of
Modification at this position allows for fine-tuning of electronic the pincer ligand(s), as well as a carbonyl, hydrido, and
properties of the catalyst, thereby permitting the optimization chlorido ligand, forming a distorted octahedral coordination
of the catalyst for a chosen reaction. To the best of our geometry. The pincer ligand Cﬂﬂrd":at“ meridionally in 2m,
knowledge, ruthenium complexes bearing this subclass of as reported for similar complexes.”*"**™** In 2d, both pincers
pincer ligands have not been reported to this date, although act as bridging ligands, leading to the formation of a dimeric
related ruthenium pincer catalysts have shown exceptionally complex. The metal centers are each coordinated by one
high activity in, eg, (de)hydrogenation reactions,'®***’ phosphorus and one nitrogen atom of one pincer ligand and

Therefore, we aimed to synthesize the respective guanamine- another phosphorus atom of a second ligand. To the best of

based Ru pincer complexes and explore their performance in our knowledge, this type of coordination is unknown for
selected model reactions. guanamine-based PNP-pincer ligands.

The distortion of the octahedral coordination geometry is
most pronounced in the P-Ru—P angles (2m P1-Rul-P2 =

@ RESULTS AND DISCUSSION 160.03(3); 2d P1-Rul-P4 = 162.867(19)/P3—Ru2—P2 =

Complex Synthesis. The parent ruthenium guanamine- 162.76(2)°), which differ from the expected 180° angle. It is
based pincer complex was synthesized starting from [RuHCI- worth noting that the triazine units strongly deviate from
(CO)(PPh,),] and ligand 1 (N,N'-bis(diisopropylphosphine)- planarity in 2d (mean deviation of the best plane = 0.06 and
benzoguanamine) as shown in Scheme 1, following a general 0.07 A). Additionally, the Ru and N atoms neighboring the

2451 hitpsi//coi.org/10.1021/acs.organomet 3c00523
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Figure 2. Molecular structure of monomeric complex 2m. Displace-
ment ellipsoids are drawn at 50% probability at 110 K. Hydrogen
atoms are omitted for clarity, except those on Ru and N. Phenyl and
isopropyl groups are displayed as wire frames for better graphical
representation.

Figure 3. Molecular structure of dimeric complex 2d. Displacement
ellipsoids are drawn at 30% probability at 110 K. Hydrogen atoms are
omitted for clarity, except those on Ru and N. Disordered parts of the
molecule are shown in only one position. Phenyl and isopropyl groups
are displayed as wire frames for better graphical representation.

ring are out of the formed plane (Rul: 0.75, N1: 0.21, N5: 0.35
A/Ru2: 0.84, N6: 0.22, N10: 0.33 A). In 2m, the triazine unit
is nearly planar (mean deviation of the best plane = 0.006 A),
and the displacement of the substituents of the ring is less
pronounced (largest deviation for C4(phenyl ring) = 0.06 A).

Catalytic Applications. Having related monomeric and
dimeric complexes 2m and 2d in hand, we became interested
in the comparison of the catalytic performance of both
systems. Notably, detailed examinations of such related mono-
and bimetallic complexes are scarce. Typically, dimeric
complexes, like the Shvo catalyst, are converted to the
catalytically active monomeric species during initiation of the
catalytic reaction.*””" To prove the integrity of both species,
the interconversion between them was examined. Therefore, a
solution of each compound was heated in THF-dg to 115 °C
for 18 h. For 2m, no change could be observed, whereas 8% of
2d was converted into 2m (Sl Figure S10). As (de)-
hydrogenation catalysis is often perfnrmed under basic
conditions, the interconversion in the presence of base was
investigated, too. However, addition of NEt; to a solution of
2d or 2m led to no reaction, even at elevated temperature (90
°C, 2 h, see SI Figure S11). Additionally, no interconversion
could be observed in the presence of formic acid at room

2452

temperature. Comparing the activity of 2m with 2d during
catalysis (see below), significantly different reactivities were
observed, indicating no interconversion of the complexes.
Overall, it can be assumed that only at elevated temperatures
(>100 °C) slow formation of 2m from 2d is taking place, and
interconversion of the complexes is unlikely in the model
reactions presented vide infra.

To earn insights into the catalytic behavior of both
complexes, 2d and 2m were examined in six different model
reactions, ie., (i) dehydrogenation of formic acid, (ii)
hydrogenation of carbon dioxide, and (iii) hydrogenation of
four unsaturated organic model compounds.

Dehydrogenation of Formic Acid. Over the past two
decades, formic acid has attracted a lot of attention as a
promising hydrogen carrier.”' > For this technology, the
hydrogenation of CO, to formic acid and its dehydrogenation
to hydrogen gas are necessary. First, the decomposition of
formic acid was investigated. Screening of different reaction
conditions previously reported for Ru pincer catalysts’ ™"
revealed the DMSO/NEt; system to provide the best results
(SI Table S3). Therefore, these reaction conditions were
chosen for further experiments (Table 1). For comparison,
other recently reported high-performance Ru-based pincer
complexes 3—6 were included in the catalytic tests.”" ™"

Applying batch conditions, dimeric complex 2d displayed a
maximum activity of 54,000 h™' in formic acid dehydrogen-
ation (Table 1, entry 1). When the reaction was continued by
addition of more formic acid, the result was improved to
112,000 h™'. This behavior was attributed to the poor
solubility of 2d in DMSO in the first run. Interestingly,
significantly higher activity could be observed for monomeric
complex 2m (470,000 h™Y; Table 1, entry 2), resulting in a very
short reaction time of 3 min. When comparing to catalysts
previously described in literature for formic acid dehydrogen-
ation with weak bases, 2m is significantly more reactive
(155,000 h™" for 3 and 200,000 h™" for 4, Table 1, entries 3
and 4). It is worth noting that an essential improvement was
achieved for complex 4 in comparison to reported values
(200,000 h™" to 7,333 h™') due to slight alterations in the
catalyst structure, ie. changing from P'Bu, to P'Pr,.””
Furthermore, complex 5 and its methylated variant 6 were
evaluated (Table 1, entries 5 and 6). Whereas 5 showed little
activity (38,500 h™'), 6 proved to be the second most active
catalyst after 2m (280,000 h™").

The best catalysts were further examined in reactions with
continuous formic acid addition. To determine the maximum
activity, the formic acid dosage rate was slowly increased, until
a drop in gas evolution was observed. Here, 2d yielded a
maximum activity of 130,000 h™" (Table 1, entry 1). Similar to
the batch reactions, 2m proved to be the most active one
(350,000 h™%; Table 1, entry 2) with a gas evolution rate of up
to 17 L/h, corresponding to a space-time yield of 14 g, 1=
h™, followed by 6 (230,000 h™', Table 1, entry 6). Catalyst 3
gave a TOFE,, of 185,000 h™' (Table 1, entry 3).

Hydrogenation of Carbon Dioxide. Inspired by the
excellent results of 2m and 2d in formic acid dehydrogenation,
the second important reaction for the application of formic
acid as a hydrogen carrier—the hydrogenation of CO, to
formic acid and formate—was investigated. In the presence of
NEt;, 2m showed a higher activity for CO, hydrogenation than
the state-of-the-art catalyst 3, while no reaction occurred
applying 2d (6,345 h™Y; Table 2, entries 1—4). Higher yields
were obtained for both catalysts, 2d and 2m, applying DBU

https://doi.org/10.1021/acs.organomet. 3000523
Organometallics 2024, 43, 2450~2457



App

endix

52

Organometallics pubs.a

cs.org/Organometallics

Table 1. Activity of Ruthenium Pincer Complexes in Formic Acid Dehydrogenation

[Ru] (0.5 or 1 pmel)

NEts (1.5 mL)
HCOOH H, +CO,
i T =925°C
Ph
e S
H co
)\ )\ /JQ- J\\ i 171 X % (\ /Ch (\ /\
= N N—"Pr,| P—Ru—F‘P "‘l cl H‘Tl I“J ol PIIH

F‘rZP—Ru— PlPr

S e’ | / \ / 'F'rzF'—Ru—P‘Pr
\ Cl | ‘Pr?P—Ru PPr,—N, N NH  'BuP—Ru—PBu, 'Pr,P—ROU—FPPr, W
e S e Gl S A 2
H co s N._zN 3 3 5
2m
Ph
Batch reactions” Continuous addition”
Entry Catalyst Reaction time until fall conv. [min] TOF,, [h7'] TON Reaction time [min] OF o [h7'] TON
1 2d 40 54,000 23,000 150 130,000 250,000
16° 112,000° 23,000
2 2m 3 470,000 23,000 62 350,000 240,000
3 3 13 155,000 23,000 80 185,000 175,000
4 4 9 200,000 23,000 nt nt N
s 5 50 38,500 23,000 nt nt nt
6 6 6 280,000 23,000 60 230,000 125,000

“Reaction conditions: formic acid (0.41 mL, 10.8 mmol), NEt; (1.5 mL), DMSO (5.0 mL), catalyst (0.5 gmol Ru), T,,, = 92.5 °C. Reactions were

started by catalyst addition. Batch reactions were reproduced at least

twice with a standard deviation of <10%. “Reaction conditions: formic acid

(4.6—13 mL/h), NEt; (1.5 mL), DMSO (5.0 mL}), catalyst (1.0 gmol Ru), T, = 92.5 °C. TOF,,,, was determined by variation of formic acid
dosage rate as described in SI Figures $14—517 and calculated according to eq 7 in SI 1.3. “Data after continuation of the experiment by addition of

formic acid (0.41 mL, 10.8 mmol). n. t.; not tested.

Table 2. Catalytic CO, Hydrogenation with Different
Ruthenium Pincer Complexes
[Ru] (0.5-1.42 pmol)
€O, + Hy Base

o}
H J\Oe

65°C,2h
20 bar 20 bar
1e
Entry Catalyst Amount of Ru metal [umol] TOF [h™'] [mmol]

1 2d* 2.00 0 0
2 2d* 1.00 0 0
3 2m” 1.00 6,345 13
4 3¢ 1.00 4,601 9
5 2d” 2.84 20,941 59
6 2d” 140 27,286 38
i 2m"” 142 7,313 21
8 3 142 36,000° 102

“All reactions were done in a 300 mL stainless steel autoclave with 12
mlL glass vials. NEt; (1.5 mL), DMSO (8 mL), H, (20 bar), CO, (20
bar), T, = 65 °C, 2 h. Yields were determined by '"H NMR with
DMEF as internal standard. “conditions analogous to ref 57. All
reactions were done in a 100 mL stainless steel autoclave. DBU (5.0
mL), DMF (30.0 mL), catalysts (1.42 pmol Ru unless noted
otherwise), H, (20 bar), CO, (20 bar), T,,, = 65 °C, 2 h. Yields were
determined by 'H NMR with toluene as internal standard. All
experiments were repeated at least once.

instead of NEt; under COﬂdlthﬂb recently used for complex 3
(Table 2, entries 5—7)."" Interestingly, opposite to the NEt,
system, the dimeric species 2d showed higher activity than the
monomeric complex 2m by a factor of almost four (ca. 27,000
h™! vs 7,300 11_'). As expected, an increase in catalyst loading
of 2d led to a lower activity (21,000 h™!, Table 2, entry ).
Nevertheless, 3 provides the highest activity within this
comparison (36,000 h~!, Table 2, entry 8).

Hydrogenation of Unsaturated Organic Compounds.
Hydrogenation of functional groups is a widely app]ied
methodology for the synthesis of bulk and fine chemicals. o

Therefore, the ability of 2d and 2m to hydrogenate different
unsaturated C—=0 and C—N bonds in, e.g, ketones, nitriles,
esters, and N-heteroarenes was investigated (Scheme 2). For
this purpose, acetophenone, 4-phenylbenzonitrile, methyl
benzoate, and quinoline were chosen as benchmark substrates.
In all cases, KO'Bu was applied as a base for precatalyst
activation. To our delight, hydrogenation of the model
substrates was observed in all cases for the monomeric as
well as the dimeric complex under conditions typically used in

Scheme 2. Hydrogenation of Different Substrates by
Monomeric and Dimeric Ru Complexes 2m and 2d”

yield
[Ru] (0.05 mol%)
KO'Bu (1.0 mol%) .08 9
_ f0barH; :: 35{;
T aoczn '
N [Ru] (0.5 mol%)
= KO'Bu (5.0 mol%) 2m: 94 %
_ Svpardy 2d: 68 %
Py s en °C,16h
[o] [Ru] (0.25 mol%)
]
i KO'Bu (10.0 mol%) 2m: 64 %
30 bar H2 2d: 64 %
su °C,8h
[Ru] (0.3 mal%)
KO'Bu (2.5 mol%)
C(j _omn, 2m: 98 %
. 889
—— = 2d: 66 %

“Reaction conditions: Substrate (0.5 mmol), THF (2 mL). yields
were determined by GC analysis using hexadecane as internal
standard, conversions provided in SI Table S5-8. Catalyst
concentration is reported as the amount of Ru metal employed.
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homogeneous Ru hydrogenation catalysis.”***""** As de-
scribed in Scheme 2, in the case of acetophenone, 4-
phenylbenzonitrile, and quinoline hydrogenation, higher
activities were obtained for the monomeric complex 2m
(94% to 98% yield) than for the dimeric complex 2d (68% to
77% yield). However, methyl benzoate hydrogenation resulted
in same yield for both complexes (64%).

B CONCLUSION

Two new Ru pincer complexes, 2d and 2m, containing the
guanamine moiety in the backbone were synthesized and fully
characterized including SC-XRD. Interestingly, the synthesis
resulted in a monomeric and a dimeric ruthenium species
whose interconversion is only possible to a certain extent
under harsh conditions. This inherent stability offered the
possibility to compare the catalytic performance of related
mono- and bimetallic complexes.

More specifically, the ability of the two new organometallic
complexes to act as catalysts was examined in six different
model reactions, i.e., (i) dehydrogenation of formic acid, (ii)
hydrogenation of carbon dioxide, and (jii) hydrogenation of
unsaturated organic compounds resulting in good to excellent
yields and activities, especially for the monomeric species 2m,
while 2d was observed to be mostly less active, In formic acid
dehydrogenation, 2m even outperforms state-of-the-art cata-
lysts. Thus, the new complexes 2m and 2d provide an
extension of the class of available ruthenium pincer catalysts
for (de)hydrogenation reactions and might inspire researchers
for further developments in this area.

B EXPERIMENTAL SECTION

General Methods. Column chromatography was performed
under protective gas atmosphere with silica by Macherey-Nagel MN
Kieselgel 60 (0.04—0.063 mm). The column was filled dry. Solvent
mixtures are reported in volume percent. TLCs were performed using
Merck TLC-plates with fluorescence indicator (silica gel 60, F,5,). 1%
KMnO, solution was used as a coloring agent. NMR spectra were
recorded at room temperature at one of the following devices: 300
MHz (Bruker AV-III 300), 300 MHz (Bruker AV-III HD 300), or
400 MHz (Bruker AV-III HD 400). *'P spectra were recorded at 122
or 162 MHz. *C spectra were recorded at 75 or 101 MHz. Chemical
shifts are reported in the &-scale. The resonance signal of the
remaining protons or carbon atoms of the solvent was used as an
internal standard. The following abbreviations were used to describe
the signals: s = singlet, d = doublet, t = triplet, sept. = septet, m =
multiplet. The coupling constant ] is reported in Hz. GC analysis for
the hydrogenation of organic molecules was performed on an Agilent
7890A chromatograph equipped with a HP-5 column (30 m x 250
gm X 0.25 um). GC-MS analyses were carried out using an Agilent
8890 chromatograph equipped with 2 HP-5 column (30 m x 250 ym
x 0.25 ym) connected to an Agilent 59778 GC/MSD. Diffraction
data were collected on a Bruker Kappa APEX Il Duo diffractometer
using Mo Ka for 2d and Cu Ka radiation for 2m. The structures were
solved by direct methods”* and refined by full-matrix least-squares
procedures on F2.** XP (Bruker AXS) or MERCURY"” were used for
graphical representations. Contributions of disordered solvent in
complex 2d were removed from the diffraction data using the
SQUEEZE procedure in PLATON.*® Mass spectrometry was
performed on an XEVO G2-XS TOF using ESI for ionization. All
experiments were carried out under an inert gas am\osphcre using
standard Schlenk and glovebox techniques. Triglyme, formic acid, and
water were degassed by bubbling argon for 1 h. Formic acid was
distilled before use. Other solvents and liquid reagents were dried and
degassed with a solvent purification system (SPS) or according to
literature®” and stored on molecular sieves (3 A) under argon
atmosphere. Chemicals and catalysts RuPNHPPr were purchased
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from chemical companies and used without further purification.
Catalysts RuPN*P'Pr," RuPN""PBu,** RuPN;P'Pr,*" and ligand
1" were synthesized according to literature procedures. All
catalysts and air-sensitive compounds were stored under argon
atmosphere.

Synthesis of Complexes [Ru(CO)CIH(N,N’-bis-
(diisopropylphosphino)-benzoguanamine)] 2m and [Ru(CO)-
CIH(N,N’-bis(diisopropylphosphino)-benzoguanamine)], 2d.
To a solution of ligand 1 (1.26 g, 3.00 mmol, 1.00 equiv) in THF
(22.5 mL), [RuHCI(CO){(PPh;);] (2.86 g, 3.00 mmol, 1.00 equiv)
was added. The reaction mixture was refluxed at 65 °C for 18 h. After
removal of the solvent in vacuo, the crude product was purified by
column chromatography under protective gas atmosphere (heptane/
Et;0 9:1 to pentane/EtOAc 6:4 to DCM/MeOH 9:1). The
monomeric and dimeric complex 2m and 2d were collected in two
fractions as a yellow solid.

Monomeric complex 2m: Yield: 32% (556 mg, 0.951 mmol). 'H
NMR (300 MHz, THF-d,): & = 8.37—8.26 (m, 2H, CHCHC), 7.51—
7.44 (m, 1H, CHCHCHC), 7.44—7.35 (m, 2H, CHC), 3.26—3.05
(m, 2H, CH™), 2.50-2.35 (m, 2H, CH™), 1.60-1.39 (m, 12H,
CH;), 121 (dt, ] = 6.9, 9.4 Hz, 6H, CH,), 1.11 (dd, ] = 7.0, 15.3 Hg,
6H, CH;), =14.78 (t, ] = 19.3 Hz, 1H, RuH) ppm. *'P NMR (122
MHgz, THE-dy): § = 123.8 ppm. "*C NMR (75 MHz, THF-d,): & =
208.4 (CO), 1714 (CPh), 170.7 (t, ] = 11.5 Hz, CN,), 1374
(€(C)y), 132.9 (CHCHCHC), 129.4 (CHCHC), 129.1 (CHC), 294
(t, ] = 11.7 Hz, CHCH,), 27.4 (t, ] = 13.3 Hz, CHCH,), 20.6 (t, ] =
46 Hz, CH,), 19.4-18.7 (m, CH,), 17.4 (CH,) ppm. ESI-HRMS
(m/z pos): Calculated for [C,,H:gN;OP,Rul: 550.1439; found:
550.1453 [M—CIl]*. X-ray structural analysis: Crystals suitable for X-
ray analysis were grown by vapor diffusion of n-pentane into a
saturated THF-solution. Crystal data of 2m (CCDC: 2313386):
C,,H3,CIN;OP,Ru, M = 585.02, orthorhombic, space group Pnal,, a
=18.9902(16), b = 13.0446(11), c = 10.8083(9) A, V = 2677.4(4) A},
T = 110(2) K, Z = 4, 60170 reflections measured, 6466 independent
reflections (R, = 0.0362), final R values (I > 26(I)): R, = 0.0228, wR,
= 0.0531, final R values (all data): R, = 0.0243, wR, = 0.0539, 307
parameters.

Dimeric complex 2d: Yield: 33% (385 mg, 0.500 mmol). 'H{*'P}
NMR (400 MHz, THE-d,): 5 = 8.05—7.99 (m, 4H, CHC), 7.47—7.39
(m, 2H, CHCHCHC), 7.26 (t, ] = 7.7 Hz, 4H, CHCHC), 3.01 (sept,
J = 7.1 Hz, 2H, CH™), 2.68 (sept, ] = 7.2 Hz, 2H, CH™), 2.61-2.46
(m, 2H, CH™), 2.39 (sept, ] = 6.9 Hz, 2H, CH™), 1.69 (d, ] = 7.1
Hz, 6H, CH,), 1.68 (d, ] = 7.0 Hz, 6H, CH,), 1.53 (d, ] = 6.9 Hz, 6H,
CH,), 1.50 (d, ] = 7.1 He, 6H, CH;), 1.36 (d, ] = 7.0 Hz, 6H, CH,),
1.26 (d, ] = 7.1 Hz, 6H, CH,), 1.22 (d, ] = 7.0 Hz, 6H, CH,), 1.17 (d,
] =7.2 Hz, 6H, CH,), —13.86 (s, 2H, RuH) ppm. For the integration
data from a '"H NMR (300 MHz, THF-d,) spectrum were used. *'P
NMR (122 MHz, THF-dg): 6 = 119.31 (d, ] = 322.5 Hz), 102.07 (d, ]
= 322.8 Hz) ppm. *C NMR (101 MHz, THF-d,): § = 207.6 (t, ] =
152 Hz, CO), 1715 (d, J = 152 Hz, CN,), 169.6 (C™), 167.7
(CN,), 136.3 (C(C)), 132.6 (CHCHCHC), 130.1 (CHC), 128.5
(CHCHC), 33.4 (d, ] = 20.4 Hz, CH™), 33.1 (1, J = 8.7 Hz, CH™),
314 (d,] = 18.1 Hz, CH™), 27.4 (d, ] = 34.0 Hz, CH™), 22.5 (CH,),
214 (d, ] = 10.8 Hz, CH,), 20.8 (d, ] = 7.1 Hz, CH,), 19.8 (CH,),
19.1 (CH,), 18.8 (d, ] = 6.2 Hz, CH,), 17.5 (d, ] = 6.6 Hz, CH,), 17.4
(CH;) ppm. ESI-HRMS (m/z pos): Calculated for
[CyH N O,P,CIRy, |: 1135.2566; found: 11352546 [M—CI]".
Crystals suitable for X-ray analysis were grown by vapor diffusion of
n-pentane into a saturated THF-solution. Crystal data of 2d (CCDC:
2313385): CyuH-,CLN;,0,P,Ru,, M = 1170.03, monoclinic, space
group P2,/n, a = 12.6107(6), b = 24.1527(11), ¢ = 21.7434(9) A, b =
100.682(2)°, V = 6507.9(5) A%, T = 110(2) K, Z = 4, 79942
reflections measured, 11557 independent reflections (R;, = 0.0342),
final R values (I > 26(I)): R, = 0.0257, wR, = 0.0621, final R values
(all data): R, = 0.0306, wR, = 0.0648, 663 parameters.

Formic Acid Dehydrogenation. A double-walled, thermostati-
cally controlled reaction vessel is connected via a reflux condenser to a
manual buret. The reaction vessel was charged with all solid reagents
except the catalyst and repeatedly evacuated and purged with argon
(three times). The valve for extraction of gas samples was closed, and
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another three evacuation and purge cycles were carried out. The buret
was flushed with argon three times. After addition of all liquid
reagents under argon stream, the reaction vessel was brought to
reaction temperature with a thermostat (a set temperature of 92.5 °C
corresponds to 90 °C internal temperature}). Once the reaction
temperature was reached, the setup was equilibrated for 20 min. The
reaction was started by addition of the catalyst stock solution (for
reactions with <2 gmol catalyst) through a septum. In reactions with
>2 pmol catalyst, the reaction was started by catalyst addition with a
Teflon crucible under slight argon stream. The evolved gas volume
was measured at set time points. At the end of the reaction, a gas
sample was taken for GC analysis. The reaction setup used is shown
in SI Figure §12.

In reactions with continuous formic acid addition, a syringe pump
was used. The formic acid dosage was accelerated after the gas
evolution rate matched the addition rate. After reaching the maximum
activity, indicated by stable or decreased gas evolution, the reaction
was stopped. By subtracting the consumed formic acid (calculated
from the evolved gas) from the added formic acid, the amount of
formic acid in the reaction vessel can roughly be calculated.

Batch reactions were reproduced at least twice with a standard
deviation of <10%. CO content was below 10 ppm.

Hydrogenation of CO,. Hydrogenations of carbon dioxide for
reaction conditions a) were carried out in a Parr Instruments
autoclave (300 mL) with an aluminum inlet. The autoclave was
purged with argon before usage, and 12 mL glass vials were equipped
with a stirring bar and closed with a screw cap containing a septum.
Under an argon atmosphere, the vials were charged with 5§ mL of
DMSO (dry) and 1.5 mL of NEt, (dry). The septum was punctured
with a needle to allow gas exchange, and the vials were transferred to
the autoclave. The autoclave was purged 3 times with 5—10 bar H,.
First, it was pressurized with 20 bar CO,, then with 20 bar H; and
heated in a preheated aluminum block at 65 °C for 2 h. Afterward, the
autoclave was cooled to 0 °C, and the pressure was released. DMF
was added to the reaction vials as an internal standard, and the yield
was determined by 'H NMR.

Hydrogenations of carbon dioxide for reaction conditions b) were
carried out in a Parr Instruments autoclave (100 mL) equipped with a
glass inlet. The autoclave was purged with argon prior to the reaction.
DMF (30 mL in total, dry), then a stock solution of the catalysts and
5.0 mL of DBU were added under an argon atmosphere. The
autoclave was closed and purged with 10—20 bar H, three times. It
was pressurized with 20 bar CO,, then with 20 bar H,. The reaction
was heated at 65 °C for 2 h with overhead stirring. The pressure was
released at 0 °C. Toluene was added as an internal standard, and the
yield was determined by 'H NMR. All reactions were repeated at least
one time,

Hydrogenation of Unsaturated Organic Molecules. Hydro-
genations were carried out in a Parr Instruments autoclave (300 mL)
with an aluminum inlet for 8 mL vials. Under an argon atmosphere, a
vial was charged with the respective precatalyst and solvent (2 mL),
before KO'Bu was added. The mixture was stirred for approximately 5
min, and the corresponding substrate (0.5 mmol) was added. The vial
was closed with a screw cap containing a septum, which was
punctured with a needle to allow for the exchange of atmosphere, and
the vial was transferred into the autoclave. Once sealed, the autoclave
was purged five times with 5 to 10 bar of hydrogen, then pressurized
with the desired pressure and heated in a preheated aluminum block
for the respective reaction time. Afterward, the autoclave was cooled
to RT, and the pressure was carefully released. The reaction mixture
was diluted with Et,0, hexadecane was added as an internal standard,
and the mixture was filtered through a pad of Celite and analyzed by
GC and GC-MS.
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The reaction of N,N-bis(2-(diisopropylphosphaneyl)ethyl)prop-2-
yn-1-amine 1 with [Ru(CO)CIH(PPh;);] leads to the formation of
a new class of cyclometallated PNPC pincer complexes, Sev-
eral examples of this class of compounds are synthesized and
characterized. They, specifically complexes 2 and 3, show good
to excellent activity and selectivity in additive-free formic acid
dehydrogenation, and transfer (de)hydrogenation reactions of

1. Introduction

The development of new catalysts and improved chemical pro-
cesses over the past century contributed significantly to global
progress in medicine,"! agriculture,”?! and industrialization.”!
The achieved improvements allowed for a raise in our stan-
dard of living" becoming evident in an increase in the global
population as well as a longer life expectancy at birth, espe-
cially between 1950 and 1985.°%! The development of novel
organometallic complexes and homogeneous catalysts went
hand in hand with these advancements.®! For example, the
invention of molecularly defined Ziegler-Natta catalysts, a mile-
stone in polymer chemistry, continues to have a major impact
on all kinds of materials used in our daily lives!®®”] |n addition
to bulk chemical processes, organometallic catalysis, specifi-
cally with phosphine metal complexes, plays a major role in
the development and synthesis of pharmaceuticals, agrochem-
icals, and many specialty chemicals."®! As a result, there is an
ongoing interest in the synthesis and research of new types of
organometallic complexes both in the chemical industry and in
academic science. These can not only be used to improve exist-
ing chemical processes, i.e.,, make them more (cost) efficient and
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different functional groups (ketone, alkyne, and alcohol). Theo-
retical and experimental studies reveal two competing pathways
for the dehydrogenation of formic acid. The Ru-H pathway pro-
ceeds via the coordination site trans to the propylene arm of the
ligand, whereas in the Ru-C pathway, a de-coordination of the
propylene arm is observed.

applicable, but they also offer opportunities to discover com-
pletely new transformations and will therefore eventually lead to
a rise in our standard of living.

One example of this is the class of so-called pincer com-
plexes, which have recently become interesting as active cata-
lysts for various applications, as highlighted in Figure 1.1°! Pincer
complexes are usually structured in such a way that they can
bind to the respective metal center with several ligand donor
atoms (e.g., P, N, or 5)."%! One of the most important subclasses
are PNP pincer complexes, which are formed by most transi-
tion metals."®"1 Among various metals, specifically ruthenium-
based complexes, attracted significant attention in the past two
decades, The respective Ru-pincer complexes were successfully
applied in various hydrogenation, " coupling!®=*! as well as
dehydrogenation reactions,?924=4l Selected examples are pro-
vided vide infra. Especially in the dehydrogenation of formic
acid and methanol, they proved to give higher activities than
analogue complexes containing other metal centers, like iron,
iridium, or manganese [*d121%2<151 Qyerall, ruthenium PMP-pincer
complexes were mostly applied in hydrogenation, dehydrogena-
tion, and transfer hydrogenation reactions./"®'?*' Examples of
such complexes are displayed in Figure 2 and their applications
highlighted in the following paragraphs.

Originally, ruthenium PNP-pincer complexes were first
applied by Abdur-Rashid and Goussev in 2004 for the transfer
hydrogenation of ketones and imines.! In 2011, the now famous
Ru-MACHO complex was invented by Takasago chemists, which
is also reported to be industrially applied for the hydrogenation
of esters."” An interesting sub-class of PNP-pincer complexes
with a pyridine-based backbone was first introduced by Milstein
and coworkers and applied in the green synthesis of imines
from alcohols and amines via acceptorless dehydrogenative
coupling.'™®! Later, they were used in many other interesting
transformations, including the reversible hydrogenation of CO,
to formate salts by Pidko and coworkers.™!

Interesting variations of the PNP-ligand were performed
by the utilization of aminophosphines in the ligand backbone

© 2024 The Author(s). ChemCatChem published by Wiley-VCH GmbH
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Figure 2. Selected examples of ruthenium-PNP and PCP pincer complexes.

by Kirchner and coworkers.*! First catalytic applications were
shown by Huang and coworkers, Zheng, Huang and cowork-
ers, as well as Nobbs, Britovsek, and coworkers. ! Utilizing this
subclass of PNP-pincer complexes, notable catalyst activities
were observed in different hydrogenation and dehydrogenation

ChemCatChem 2024, 0, e202401481 (2 of 11)

reactions, including transfer hydrogenation of ketones,!?? ester
synthesis from alcohols,”™ imine formation from primary
amines,'”® formic acid dehydrogenation,” and hydrogena-
tion of €O, In addition, Ru PNP-pincer complexes with
an acridine-based ligand backbone were employed by Milstein
and coworkers, as well as Schaub and coworkers.”?! This com-
plex was utilized for methanol reformation and the Guerbert
reaction?! Most recently, some of us synthesized the first
ruthenium complexes with a guanamine-based ligand back-
bone, a ligand typically used by the group of Kempe!"®! In
general, good activity in hydrogenation and dehydrogenation
reactions was observed in the presence of such complexes,
too.

Another interesting subclass of pincer ligands are the so-
called PCP ones, in which two phosphine and one carbon
donor atom coordinate with the metal center. Compared to
PNP ligands, in such complexes, additional reactivity at the
metal—carbon bond can be expected. Indeed, as an example, Jia
and coworkers observed the incorporation of phenylacetylene
into the Ru—C bond of a ruthenium PCP-pincer complex already
in 1996.2*! The first catalytic applications of ruthenium-PCP
complexes were shown by van Koten and coworkers.”! They
reduced ketones to alcohols in transfer hydrogenation reactions.
Later on, other PCP-pincer ligands based on dpppent-ligands
have been disclosed. These latter metal complexes were pre-
pared and characterized by Hartwig and coworkers and applied
in the hydroamination of vinylarenes.*! Further applications
include catalytic nucleophilic aromatic substitution reactions.”’!
Finally, it should be mentioned that an anthracene-based PCP-
pincer complex was synthesized by Gelman and coworkers,
which was utilized in different dehydrogenative coupling reac-
tions and in transfer hydrogenations.'2®!

Based on our interest in developing pincer complexes for
(de)hydrogenation reactions,?”! we recently started investigating
the potential immobilization of such complexes. For this pur-
pose, we envisioned the synthesis of PNP-ligands with suitable

© 2024 The Author(s). ChemCatChem published by Wiley-VCH GmbH
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substituents attached to the nitrogen atom. During our studies,
we serendipitously discovered the synthesis of a new type of pin-
cer complex with PNPC ligands. The resulting complexes showed
unexpected stability and allowed for several interesting catalytic
applications.

2. Results and Discussion

2.1, Complex Synthesis

According to our original plan, we envisioned ligand 1 as
a suitable precursor for immobilization of pincer complexes
via Sharpless-type click reactions, as demonstrated by Lo and
Copéret for a NHC-based ruthenium pincer complex.**! Hence,
1 was synthesized in a straightforward manner, starting with
the alkylation of bis-(2-chloroethyl)-ammonium chleride with
3-(trimethylsilyl)-propargylbromide, yielding the desired prod-
uct in 76% (Scheme 1). Subsequent phosphination gave the
TMS-protected ligand 1" in 75% vield. Final deprotection was
successfully performed in 78% vyield, producing ligand 1.

Next, the reaction of 1 with [Ru(CO)CIH(PPhs);] provided the
corresponding ruthenium-PNPC complex. Notably, running the
reaction at 60 °C, 6 d were needed to reach full conversion
(Scheme 2). Unfortunately, a mixture of complexes was formed
under these conditions, from which it was not possible to isolate
pure products. To decrease reaction time and increase selectiv-
ity, the reaction temperature was increased to 120 °C, leading to
a decrease in reaction time to 3 h. To our surprise, instead of
the expected ruthenium-PNP complex 6, ruthenium-PNPC com-
plexes 2 and 4 were formed, which could be isolated in 15%
yield by column chromatography. To further increase selectiv-
ity and yield, tetra-n-butylammonium acetate was tested as an
additive. At 60 °C, reaction time was decreased to 36 h provid-
ing ruthenium-PNPC complexes 2 and 3. Increasing the reaction
temperature to 120 °C and further optimization of the reaction
conditions led to the formation of PNPC complexes 2 and 3 in
66% isolated yield after 3 h.

Structural elucidation of PNPC complexes 2 and 3 was
achieved by a combination of NMR and SC-XRD. Crystals suitable
for X-ray structural analysis were obtained from a concentrated
solution of 2 and 3 in ethyl acetate.”*" In this way, a mixed crystal
of both species was formed (Figures 3 and 4). In both complexes,
the metal center is coordinated by two phosphorus, one nitro-
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gen, and one carbon atom of ligand 1, as well as a carbonyl and
a chlorido ligand, forming a distorted octahedral coordination
environment.

In 2 (Figure 3), the chemical shift of C19B in the “C NMR
spectrum suggests coordination to the metal center (*C NMR:
160.0 ppm). Additionally, the chemical shifts of HI188 ('"H NMR:
4.98 ppm), C188 (®C NMR: 1203 ppm), and C19B (*C NMR:
160.0 ppm) indicate the presence of a double bond at this
position. The latter agrees with the observed bond length
between C18B and C19B, which is in the range of a typical
Clsp?)-C(sp?) double bond (C18B to C19B: 1.336(10) A)."2 Further-
more, the splitting pattern indicates the presence of a CH and
CH; group with a coupling constant of 2.0 Hz fitting with a *J
coupling.

In 3 (Figure 4), the chemical shift of C18A (*C NMR: 141.2 ppm),
C19A (*C NMR: 137.1 ppm), and the corresponding hydrogen
atoms ('H NMR of H18A: 5.70 ppm, HI19A: 4.45 ppm), as well as
the bond length of 1352(7) A indicate the presence of a dou-
ble bond at this position. Furthermore, splitting pattern and
DEPT measurement reveal the presence of two CH and one CH;
groups, suggesting a N—CH=CH—CH, fragment. Consequently,
C20A is coordinated to Rul, which is additionally supported by
the crystal structure.

Despite multiple attempts, it was not possible to obtain
crystals suitable for X-ray structural analysis of PNPC complex
4. However, NMR measurements suggest the formation of the
assigned structure (see Scheme 2 for numbering of carbon
atoms). The chemical shift of C20 (*C NMR: 157.1 ppm) and H20
("H NMR: 7.27 ppm) suggests the coordination of the terminal car-
baon to the metal center and the presence of a double bond to
C19 (C NMR: C19: 124.5 ppm, 'H NMR: H19: 5.45 ppm). The chem-
ical shift of C18 (*C NMR: 64.5 ppm) and H18 ('"H NMR: 2.69 ppm)
can be assigned to the NCH; fragment. C20 is coordinated to
Rul. Splitting pattern and coupling constants further support the
assigned structure.

Furthermore, the protected ligand 1" was used to synthe-
size ruthenium PNP complex 5 in 42% yield (Scheme 3). Here,
the formation of the cis- and trans-isomers could be observed.
The deprotection of 5 yielded an unknown main product whose
structural elucidation was not possible. Moreover, 5-trans is
computed to be more stable than 5-cis by 1.25 kcal/mol, corre-
sponding to an expected ratio of 89:1, close to the determined
8119,

To get further insights into the formation of the complexes,
DFT calculations were performed using B3PW91/TZVP for full
structural optimization and energy calculations (Figure 5). Dur-
ing the complex synthesis, the triple bond of ligand 1 is partially
reduced by the hydrido ligand of the metal precursor, enabling
the coordination of one carbon atom to the metal center. This
reaction is strongly exergonic with AG of roughly —30 kcal/mol
(Figure 5, difference between 6 and 4, 7). Subsequent isomer-
ization of the double bond leads to the formation of 2 and 3.
In addition, the exocyclic isomer 7 is much less stable than the
endocyclic isomers. Hence, its experimental observation was not
possible. The difference in Gibbs free energy between 2 and 3
of 0.96 kcal/mol corresponds to a ratio of 17:83. Experimentally, a
ratio of 41:59 was found (determined by NMR).

© 2024 The Author(s). ChemCatChem published by Wiley-VCH GmbH
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Figure 3, Crystal structure of the mixed crystal of 2 and 3, showing only
the former complex. Therefore, atoms with the suffix A are omitted.
Displacement ellipsoids are drawn at 30% probability at 110 K. Hydrogen
atoms are omitted for clarity.

Since the synthesis of the mixture of PNPC complexes 2 and
3 showed the highest yield and good selectivity, we decided to
further investigate this mixture as catalysts. To enable the use
in base-free reactions, they were transformed into the hydrido
PNPC complexes 8 and 9 in 33% yield utilizing NaBHEt;, whilst
retaining the isomeric ratio between both structures (Scheme 4).

2.2, Catalytic Applications
2.2.1. Dehydrogenation Reactions

As mentioned above, PNP-pincer metal complexes have been
well established in many dehydrogenation reactions.?d"4231
Thus, having the PNPC pincer hydride complexes 8 and 9 in
hand, their performance in additive-free formic acid dehydro-
genation was investigated. This reaction is of general interest as
part of hydrogen storage technologies.*®<*! |n a previous pub-
lication, some of us showed that in formic acid dehydrogenation
base concentration has no significant influence on activity below
a certain threshold.”™ Indeed, similar activity and productivity
were observed between a mixture of PNPC complexes 8 and

B0°C.6d

=

23%*

Figure 4. Crystal structure of the mixed crystal of 2 and 3, showing only
the latter complex. Therefore, atoms with suffix B are omitted.
Displacement ellipsoids are drawn at 30% probability at 110 K. Hydrogen
atoms are omitted for clarity.

9 (Table 1, entry 2, TOF: 598 h~', TON: 1610} and the activated
PNPC complexes 2 and 3 (Table 1, entry 1, TOF: 540 h~', TON:
1500). Additionally, similar activities for PNP complexes 10 and
11 were observed, compared to the literature.” As expected,
catalyst 11 showed the highest turnover number (Table 1, entry
4, TON: 1727) of the known catalysts in the literature. To our
delight, with the new complex mixture of 8 and 9, the activ-
ity and productivity were very similar (Table 1, entry 2, TOF:
598 h~, TON: 1610). Furthermore, PNPC complexes 8 and 9 were
shown to be active in additive-free methanol dehydrogenation.
However, in this latter case, poor reproducibility was observed
(Table S5).

2.2.2. Transfer (De)Hydrogenation of Organic Compounds

After observing good activity in dehydrogenation reactions,
we decided to investigate transfer dehydrogenation and trans-
fer hydrogenation reactions. In general, both ruthenium PCP-
and PNP-pincer complexes are known to be appropriate trans-
fer hydrogenation catalysts.*® Therefore, good activity can be
expected for the novel PNPC complexes.

18 49 18 18
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Scheme 2. Synthesis of different ruthenium-PNPC complexes using ligand 1. # Yield determined by ¥'P NMR.
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\\ Table 1. Additive-free formic acid dehydrogenation of PNPC complexes 8 g
r’\ 2 and 9 and their comparison to state-of-the-art PNP-pincer complexes.® g
N A A5 g
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Figure 5. Calculated relative Gibbs free energy (AG, kcal/mol) of different
ruthenium-PNPC complexes 2-4, 6, and 7.
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Scheme 4. Synthesis of hydrido PNPC complexes 8 and 9.

First, the transfer dehydrogenation of 1-phenylethanol to ace-
tophenone was evaluated (Scheme 5). Since the reactions were
performed in the presence of base, PNPC complexes 2 + 3 were
utilized as the precatalysts. When performing this reaction in
THF/acetone (1:1), after 4.5 h, the substrate showed almost 50%
conversion and 44% yield (Scheme 5a). Extending the reaction
time to 72 h led to full conversion and 92% yield (Scheme 5b).
For Ru-MACHO, 98% vyield was already achieved after 4.5 h
(Scheme 5c). In all cases, the main byproducts were related to
the expected aldol addition (4-hydroxypentan-2-one) and con-
densation (pent-3-en-2-one) reactions. Notably, the presence of
the hydrogen acceptor is essential, as the catalyst mixture was
also tested in pure THF in an open system (Scheme 5d). After
16 h, almost no product formation was observed.

Reaction conditions: Substrate: 025 mmol; (a, b, <
THF/acetone 11 (10 mL); (d) THF (10 mL). Yields were deter-
mined by GC-FID analysis using hexadecane as an internal
standard. Conversions are provided in Table S3. Catalyst concen-
tration is reported as the amount of complex mixture employed.
Equivalents refer to the substrate.

Having observed good catalytic activity, the focus was
switched to the transfer hydrogenation of benchmark unsatu-

PraPa_~, N~ P'Pry
[RuHCI(COXPPhy);]
= 42%
r s

"

Entry Catalyst TOFy, (h™) TON3;, €O Content (ppm)
™ 243 540 1500 3

2 8+9 598 1610 =1

L) 10 378 1035 4

4 n 584 1727 2

5 12 415 1275 3

Reaction conditions:

YFormic acid (32 mmol, 12 mL), H;O (8.8 mL), triglyme (4 mL), cata-
lyst (4.3 pmol), 92.5 °C. Reactions were performed at least twice with a
standard deviation < 15%, except for entry 3.

“The complex was activated with 1.6 equiv of KOH prior to the reaction.

rated organic molecules. The tests involved common functional
groups such as ketones, alkenes, and alkynes (Scheme 6), using
conditions reported in the literature”¥! When using 'PrOH
as the hydrogen source, both aromatic and aliphatic ketones
(Scheme 6a,b) were hydrogenated in quantitative yields within
short reaction times (<4 h). These observed results are similar
compared to the Ru-MACHO catalyst under the same conditions
(Figure S6). Comparing bath catalysts at a shorter reaction time
(15 min), the classical Ru-MACHO, however, outperformed the
new Ru-PNPC system (Figure 57).

Reaction conditions: (a and b) Substrate: 0.25 mmol, 'PrOH
(10 mL); (c) substrate: 0.25 mmol, MeOH (2 mL); (d) substrate:
0.25 mmol, MeOH/H;0 2:1 (2 mL). Yields were determined by GC-
FID analysis using hexadecane as an internal standard. Conver-
sions are provided in Table S2. Catalyst concentration is reported
as the amount of complex mixture employed. Equivalents refer
to the substrate.

Having detected activity in methanol dehydrogenation, its
use as a hydrogen source in the transfer hydrogenation of unsat-
urated aliphatic compounds became of interest. Testing the
catalyst using diphenylacetylene (Scheme 6¢) mainly produced

™S ™S
A ‘//
[N (TN
Prp—RUPPr,  PRP—RUPPR
= | e |
o & o
S-irans 5-cis
81 : 19

Scheme 3. Synthesis of PNP complex 5. The trans- and cis-isomers were observed in an 81:19 ratio (determined by 'H NMR, assigned by NOESY

measurement).
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Scheme 5. Transfer dehydrogenation of 1-phenylethanal.
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Scheme 6. Transfer hydrogenations of benchmark substrates utilizing a
mixture of Ru complexes 2 and 3.

the internal olefin (95%), with the (Z) isomer slightly favored
over the (E) isomer (E/Z = 1/1.4). This selective behavior was
also reported for Ru-MACHO by Subaramanian et al. under the
same reaction conditions.”! Here, the stereoselectivity was con-
siderably better, as the reaction produced mainly the (E) isomer.
However, while the use of Ru-PNPC led to the formation of
only 5% of the over-reduced product after 48 h, Ru-MACHO
yielded 10% after just 12 h. Further evidence of the improved
chemoselectivity of the novel system over the Ru-PNP system
was provided by an additional experiment. When applying the
optimized conditions for the reduction of alkenes described by
the same group,®! it was revealed that ()-stilbene (Scheme 6d)
was practically not hydrogenated after 16 h. Diazobenzene and
methyl benzoate were also tested under previously reported
conditions, but with no success (Figure S8).

2.2.3. Mechanistic Investigations

Having observed good catalytic activity in various
(de)hydrogenation reactions, we became interested in eluci-
dating the reaction mechanism of this novel class of catalysts. In

this respect, especially the stability of the cyclometalated com-

ChemCatChem 2024, 0, 202401481 (6 of 11)
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Figure 6. Ru-H (left) and Ru-C (right) routes for the dehydrogenation of
formic acid with complex 8. Relative Gibbs free energies are given in
keal/mol
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Figure 7. Ru-H (left) and Ru-C (right) routes for the dehydrogenation of
formic acid with complex 9. Relative Gibbs free energies are given in
kecal/mol.

plexes is of interest. Focusing on formic acid dehydrogenation, a
reaction via an inner sphere mechanism can be expected due to
the tertial amine backbone, as postulated earlier on.*®! In gen-
eral, two different reaction pathways utilizing this mechanism
are possible. Both were calculated for PNPC complexes 8 and
9 by DFT (Figures 6 and 7). In the first route (Ru-C route, Ru—C
bond cleavage), the reaction starts with the formal metathesis
of the Ru—C bond with the O—H bond of formic acid resulting,
in the hydrido formate complex (8A and 9A), followed by CO,
release and the formation of the dihydrido complex (8B and

© 2024 The Author(s). ChemCatChem published by Wiley-VCH GmbH
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9B). In the second route (Ru-H route, Ru-C remaining intact),
the formal acid and base reaction between formic acid and the
hydrido ligand in 8 and 9 results in the formate complex (BC
and 92C) and the release of H,. It is noted that complexes 8 and
9 are isoenergetic computationally, and this enables a direct
comparison of their activity.

For complex 8 (Figure 6), the Ru-C route (8 to 8A) is ener-
getically more favored (—12.20 kcal/mol) than the Ru-H route
(8 to 8C + H;, —5.54 kcal/mol), indicating that the Ru-C break-
ing is more favored thermodynamically than Ru-H breaking by
6.66 kcal/mol.

Starting from intermediate 8A, CO, elimination via the
C—H activation (TS(8A/8B)), resulting in the formation of the
dihydrido complex 8B, has a Gibbs free energy barrier of
12.10 kcal/mol and is exergonic by 0.87 kcal/mol. The subsequent
regeneration of 8A with one equivalent formic acid and the
release of one equivalent H, is exergonic by 9.81 kcal/mol.
Starting from intermediate 8C, the CO, elimination via the
C—H activation (TS(8C/8)) resulting in the regeneration of
8B has a Gibbs free energy barrier of 1254 kcal/mol and is
exergonic by 514 kcal/mol. Considering both routes inde-
pendently, they have close Gibbs free energy barriers (12.10
and 1254 kcal/mol, respectively). Considering the stability of
8A and 8C, however, the Ru-C route via dihydrido complex
8B should be more favorable based on the Curtin-Hammett
principle.

Similar results have been found for complex 9 (Figure 7). For
example, the formation of complex 9A is more favored thermo-
dynamically than that of complex 9C (—7.65 vs. —4.52 kcal/mol).
Starting from 9A, the C—H activation (TS(9A/9B)) has a Gibbs
free energy barrier of 11.63 kcal/mol and is slightly exergonic by
1.01 keal/mol for the formation of the dihydrido complex 9B and
the release of CO,. Starting from 9C, CO; release and the regen-
eration of 9 have a Gibbs free energy barrier of 10.70 kcal/mol
and are exergonic by 6.16 kcal/mol.

Considering both routes independently for complexes 8 and
9, they have close Gibbs free energy barriers (12.10/11.63 and
12.54/10.70 kecal/mol, respectively). Taking inte account the stabil-
ity of 8A/9A and 8C/9C, however, the Ru-C route via dihydrido
complex 8B/9B should be more favorable based on the Curtin-
Hammett principle. In addition, we also computed the kinetic
isotopic effect (KIE) for deuterated formic acid (DCOOH) and
found KIE (3.05 and 3.57, respectively) for the Ru-C route for 8
and 9.

To check a possible inner-sphere mechanism via g-hydride
elimination based on the de-coordination of the phosphine
ligand, the de-coordination of one phosphine ligand for 8
and 9 was computed. It is found that the de-coordination of
one phosphine ligand costs over 29 kcal/mol, which is much
higher than the apparent barriers for formic acid dehydro-
genation. Therefore, this possible mechanism can simply be
discarded.

To distinguish between both pathways, the reaction of
a mixture of 8 and 9 with stoichiometric amounts of formic
acid was performed. It was monitored by NMR. Overall, five
major products were observed. After 6 h of reaction time,
the formation of one product dominates the reaction. Based

ChemCatChem 2024, 0, 202401481 (7 of 11)

D
DYj(D
s an
PrP—RU—PPry '1=r=|=—_.|‘au—l’|=r2
H ko o [ beoo
8 13
- DCOOD, THE z
65°C,3d D
o L
S \\’5’,\
IPrP—Ru=—PPr, PraP—Ru—PPr
W o | ocoo
co co
9 14

Scheme 7. Reaction of 8 + 9 with deuterated formic acid (left). Structure
of complex 15 (right).

on the presence of a formate signal ('H NMR: 9.02 (s) ppm),
the absence of a hydride signal, and the chemical shift of the
propylic protons and the phosphorus atoms ('H NMR: 5.66
(dt, J = 51, 33 Hz), 439 (dt, J = 4.8, 23 Hz) ppm; JP NMR:
60.09 ppm), the structure of 9C was assigned. The analytical
data show similar characteristic signals as related formate PNP
complex 15 (Scheme 7).*%! After keeping the reaction solution
for 5 days at room temperature, the amount of 9C decreased
by 44%.

The other four major products form slowly over the course
of the reaction and are most prominent after 5 days. They show
similar signals in NMR, likely corresponding to four hydride for-
mate complexes ('"H NMR: 9.27 (s), 9.24 (s), 9.19 (s), 9.17 (s), —16.84
(t, J = 18.6 Hz), —16.90 (t, J = 18.2 Hz), —16.99 (t, J = 18.7 Hz),
—17.17 (t, J = 18.8 Hz) ppm; *'P NMR: 71.84, 71.14, 69.61, 69.37 ppm),
matching with the chemical shift of 15/*! Hence, the structures
of 8A, 9A, and the two corresponding cis orientated complexes
(referring to the orientation of the propylic arm and the hydrido
ligand) were assigned.

To confirm the presence of the Ru-C pathway, catalysis with
deuterated formic acid (DCOOD) was performed (Scheme 7).
In the presence of the Ru-C pathway, incorporation of deu-
terium into the propylene arm is expected. After reacting a
catalyst solution with deuterated formic acid for 3 days at
65 °C, the reaction solution was analyzed by “H NMR. Similar
to the reaction with stoichiometric amounts of formic acid,
the presence of formate and hydride signals *H NMR: 8.43 (s,
br), —17.19 (s, br) ppm), as well as the chemical shift of the
phosphorus atoms (*P NMR: 71.59, 69.69 ppm), indicate the
formation of a hydrido formate complex. Furthermore, signals
in the alkyl region were observed (’H NMR: 3.60 (s, br), 279
(s, br), 1.76 (s, br), 1.55 (s, br), 1.28 (s, br), 0.75 (s, br) ppm) and,
in combination with TOCSY and 2D-measurements, assigned
to a propylic group. Therefore, the formation of 13 and 14 is
likely.

Based on the DFT and experimental results, we assume that
upon the addition of formic acid, the preferred formation of 8C
and 9C should be kinetically controlled, and the subsequent for-
mation of other products can be thermodynamically controlled.
Consequently, in the beginning of the reaction, catalysis pref-
erentially proceeds via the Ru-H route, and with ongoing time,
the concentration of 8A and 9A increases, and the Ru-C pathway
should become the dominant one.
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3. Conclusion

The reaction of ligand 1 with a suitable ruthenium precur-
sor leads to a new subclass of organometallic pincer com-
plexes. Here, the PNPC ligand coordinates with two phosphorus,
one nitrogen, and one carbon atom to the metal center. The
resulting complexes were characterized by a combination of
NMR-spectroscopy and SC-XRD. The complexes were employed
in base-free formic acid dehydrogenation as well as in trans-
fer dehydrogenation and transfer hydrogenation reactions of
organic molecules. Similar activities to other state-of-the-art
pincer complexes were observed. Mechanistic investigations
revealed two competing pathways for the dehydrogenation of
formic acid either, with or without Ru—C bond cleavage. Both
pathways are proceeding at different times of the reaction.

4. Experimental Section

4.1. General Methods

Column chromatography was performed under a protective gas
atmosphere with silica by Macherey-Nagel MN Kieselgel 60 (0.04-
0.063 mm). The column was filled dry. Solvent mixtures are reported
in volume percent. TLCs were performed using Merck TLC-plates
with fluorescence indicators (silica gel 60, F3ss). A 1% KMnQ, solution
was used as a coloring agent.

NMR spectra were recorded at room temperature at one of the
following devices: 300 MHz (Bruker AV-IIl 300), 300 MHz (Bruker AV-
Il HD 300), or 400 MHz (Bruker AV-Ill HD 400). 3'P spectra were
recorded at 122 MHz and 162 MHz. “C spectra were recorded at
75 MHz and 101 MHz. Chemical shift is reported in the §-scale. The
resonance signal of the remaining protons of the solvent was used
as an internal standard. For "C spectra, the resonance signal of
the carbon atom of the solvent was used. The following abbrevia-
tions were used to describe the signals: s = singlet, d = doublet,
t = triplet, g = quartet, gint. = quintet, sept. = septet, m = multi-
plet, br = broad, The coupling constant J is reported in Hz,

GC analysis for the transfer hydrogenation of organic molecules
was performed on a HP 6890 Series chromatograph, equipped with
a HP-5 column (30 m x 250 um x 025 um) and flame-ionization
detector. GC-MS spectra were recorded on an Agilent 7890A with an
5975C inert XL MSD mass detector.

Diffraction data were collected on a Bruker Kappa APEX Il Duo
diffractometer. The structures were solved by direct methods!*! and
refined by full-matrix least-squares procedures on F*.1! XP (Bruker
AXS) was used for graphical representations.

CCDC 2378636 contains the supplementary crystallographic data
for this paper. These data are provided free of charge by the
joint Cambridge Crystallographic Data Centre and Fachinformation-
szentrum Karlsruhe Access Structures service, www.ccde.cam.ac.uk/
structures.

All experiments were carried out under an inert gas atmosphere
(Ar) using standard Schlenk (and glovebox) techniques. Triglyme,
formic acid, and water were degassed by bubbling argon for 1
h. Formic acid was distilled before use. Other solvents and liquid
reagents were dried and degassed with a solvent purification sys-
tem (SPS) or according to literature!® and stored on molecular
sieves (3 A) under argon atmosphere. Chemicals and catalysts 10
were purchased from chemical companies and used without fur-
ther purification. Catalyst 11 was synthesized according to literature
procedures.*# All catalysts and air sensitive compounds were stored
under an argon atmosphere.

ChemCatChem 2024, 0, 202401481 (8 of 11)

The choice of the computational methods was based on our
previous study on the stepwise steam reforming of methanol
(CH;0H) to carbon dioxide (CO;) and hydrogen (H;) via methanol
dehydrogenation to formaldehyde [CH;OH = CH,0 + H.], methane-
diol [CH;0 + H,0 = CH;(0OH),] and formic acid [CH;(OH); = HCOOH
+ H;] and finally to €O; and H; [HCOO = CO; + H;] by using
the standard Ru-PN"P complex (also complex 10 in current work
for testing).?®! It has been found that among several function-
als along with solvent and van der Waals dispersion correction
(B3PW91, B3LYP, BP86, and MO06), the B3PW91 functional can best
and quantitatively reproduce the experimentally observed kinet-
ics and thermodynamics, while other methods, including dispersion
and solvation corrections, either overestimate the activation barriers
or the reaction energies. Especially, benchmark calculations for the
reaction of HCOOH = CO; + H; show the B3PW91 computed reac-
tion enthalpy and reaction free energy (—3.86 and —10.68 kcal/mol,
respectively) are in perfect agreement with the experimental val-
ues (—3.56 and —10.39 kcal/mol, respectively). For the reaction of
CH;0H = CH,0 + H,, the B3PW91 computed reaction enthalpy of
2162 kcal/mol is also in perfect agreement with the experimental
value (2129 + 239 kcal/mol). These agreements also validate the
B3PW91 method to be reasonable.

All calculations were carried out by using the Gaussian 16
program.'*?! All structures were optimized at the B3PW9114Y level
of DFT with the TZVP!*! basis set (LANL2DZ for Rul*l). Each opti-
mized structure was characterized either as an energy minimum
without imaginary frequencies or a transition state with only one
imaginary frequency by frequency calculations, and the imaginary
model connects the initial and final states. The thermal corrections
to Gibbs free energy at 298 K from the frequency analysis are added
to the total electronic energy, and we therefore used the corrected
Gibbs free energy (AG) at 298 K for our energetic discussion and
comparison.

4.2, Complex Synthesis

4.2.1. Synthesis of a mixture of complexes 2 and 4

In a Young-NMR tube, to a solution of ligand 1 (60.0 mg,
175 pmol, 1.00 equiv) in toluene (0.5 mL) and CzDg (015 ml),
[Ru(CO)CIH(PPhs):] (166 mg, 175 pmol, 1.00 equiv) was added. The
reaction mixture was heated at 120 °C for 3 h without stirring. After
cooling to room temperature, the product mixture was purified by
column chromatography (Pentane/EtOAc 82 — 11).

Yield: 15% (13.6 mg, 26.7 pmol) of a 2:3 mixture of complexes 2
and 4.

4.2.2. Synthesis of a mixture of complexes 2 and 3

To a solution of ligand 1 (0.970 g, 2.82 mmol, 1.00 equiv) in toluene
(45 mL), [Ru(CO)CIH(PPhs);) (4.57 g, 480 mmol, 170 equiv), and
n-BusNOAC (1.00 g, 3.33 mmol, 1.18 equiv) were added. The reaction
mixture was refluxed at 120 °C for 3 h. After cooling to room temper-
ature, the crude product was purified by column chromatography
(Pentane/EtOAc: 8:2 — 1:1) yielding a light brown 41:59 mixture of
complexes 2 and 3.

Yield: 66% (949 mg, 1.86 mmol)

ESI-HRMS (m/z pos): Calculated for [CoqHagNOP;RuCl]: 509.1317;
found: 4741636 [M-CI]*.

Crystals suitable for X-ray analysis were grown from a concen-
trated solution of 2 and 3 in ethyl acetate, Complexes 2 and 3
crystallized as mixed crystals, where these two complexes overlayed
each other in a ratio of 1:1. SADI instruction was used to equalize
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the bond lengths N1-C18A and N1-C18B. The anisotropic displace-
ment parameters of C18A and C18B, as well as C19B and C20B, were
restrained to be equal (EADP). Crystal data of the mixed crystals of
2 + 3: CyH4CINOP;Ru, M = 508.99, monoclinic, space group P2,/c, a
=14.643(3), b = 12.355(2), ¢ = 14.618(3) A, B =17.420(3)°, V = 2347.4(7)
B3, T = 10(2) K, Z = 4, 60417 reflections measured, 6857 indepen-
dent reflections (Rj,. = 0.0509), final R values (/ > 2a(/)): R, = 0.0282,
wR; = 0.0641, final R values (all data): R, = 0.0387, wR, = 0.0699, 259
parameters,

4.2.3. NMR data

Since the signals of the 'Pr- and the CH:-groups of both com-
plexes averlap, integration and assignment of those groups remain
ambiguous.

Complex 2:

'H NMR (400 MHz, CsDs) § = 4.98 (q, J = 2.0 Hz, 1H), 3.68-3.57
(m, 2H), 3.15-3.04 (m, 2H), 3.00-2.78 (m, 2H), 2.36-2.11 (m, 4H), 1.87 (q,
J =15 Hz, 3H), 1.82-1.67 (m, 2H), 1.67-155 (m, 6H), 1.44-1.32 (m, 6H),
121 (q, J = 7.4 Hz, 6H), 1.00-0.92 (m, 6H) ppm.

3P NMR (162 MHz, CsDg) § = 59.40 ppm.

3C NMR (101 MHz, CD5) & = 210.4, 208.9, 160.0, 120.3, 56.9, 53.2,
292, 25.8, 24.6, 243, 23.8, 227, 227, 21.0, 20.8, 20.7, 20.1, 19.9, 18.6,
17.9 ppm.

Complex 3:

'H NMR (400 MHz, CsDs) 8 = 570 (dt, J = 5.0, 3.2 Hz, 1H), 4.45
(dt, J = 4.8, 2.2 Hz, TH), 3.68-3.57 (m, 2H), 3.15-3.04 (m, 2H), 3.00-2.78
(m, 2H), 236-2.11 (m, 4H), 1.82-1.67 (m, 2H), 1.67-1.55 (m, 8H), 1.44-132
(m, 6H), 1.21 (q, J = 7.4 Hz, 6H), 1.00-0.92 (m, 6H) ppm.

3P NMR (162 MHz, CsDg) § = 59.46 ppm.

BC NMR (101 MHz, CeDg) 8 = 2104, 208.9, 1412, 137, 56.9, 532,
29.2, 25.8, 24.6, 24.3, 227, 227, 21.0, 20.8, 20.7, 201, 19.9, 1856, 17.9,
10.0 ppm.

Complex 4:

'H NMR (300 MHz, C¢Dg) 8 = 7.27 (dsept.,, J = 9.1, 1.0 Hz, TH), 5.45
(dquint, J = 9., 2.2 Hz, 1H), 375-3.61 (m, 2H), 2.99-2.80 (m, 2H), 2.69
(quint,, J = 2.3 Hz, 2H), 2.31-2.03 (m, 4H), 1.80-1.66 (m, 2H), 1.66-1.55
(m, 6H), 1.48-126 (m, 14H), 126-1.16 (m, 6H), 1.02-0.88 (m, 6H) ppm.

P NMR (122 MHz, CsDg) & = 62.92 ppm.

BC NMR (75 MHz, CsDg) 6 = 157.1, 1245 (t, J = 3.3 Hz), 64.5, 60.0
(t, J = 5.8 Hz), 531, 32.3, 30.3-30.1 (m), 29.9, 293 (t, / = 1.7 Hz), 26.2
(t, J = 7.8 Hz), 25.8 (t, J = 11.8 Hz), 245 (t, / = 8.8 Hz), 23.4-22.9 (m),
227 (d, J =101 Hz), 21.0, 20.9-20.6 (m), 20.1-19.8 (m), 19.5, 18.7-185

(m).
4.2.4. Synthesis of a mixture of complex 5

To a solution of [Ru(CO)CIH(PPh;)s] (952 mg, 1.00 mmol, 1.00 equiv)
in toluene (10 mL), a solution of ligand 1 (416 mg, 1.00 mmol,
1.00 equiv) in toluene (1 mL) was added. After refluxing at 120 °C for
3 h, the reaction mixture was cooled to room temperature and the
solvent removed in vacuo. The crude product was purified by col-
umn chromatography (Pentane/EtOAc 9:1 — 0:1), yielding complex
5 as a light brown solid.

Yield: 42% (247 mg, 424 pmol)

A 19:81 mixture of cis and trans isomers was obtained by "H NMR.

ESI-HRMS (m/z pos): Calculated for [Cy3HasNOP;RUSICl): 581.1712;
found: 546.2022 [M-CI1*.

Major isomer (trans):

'H NMR (300 MHz, CsDg) 6 = 4.05 (s, 2H), 3.31-3.07 (m, 2H), 276~
2.60 (m, 2H), 2.08-1.93 (m, 2H), 1.93-1.80 (m, 2H), 1.64-1.53 (m, 8H),
1.54-1.43 (m, 2H), 1.22-1.11 (dt, J = 8.9, 6.9 Hz, 6H), 1.00-0.89 (m, 12H),
0.21 (s, 9H), —15.23 (t, J = 17.9 Hz, H), ppm.

3P NMR (122 MHz, CsDs) & = 70.24 ppm.

ChemCatChem 2024, 0, 202401481 (2 of 11)

3C NMR (75 MHz, CsDg) § = 207.6, 99.2, 93.2, 59.9 (t, J = 4.7 Hz),
4438, 27.8 (t, J = 8.8 Hz), 274 (t, / = 10.8 Hz), 249 (t, J = 127 Hz),
20.9-20.5 (m), 19.1, 17.2, 0.1 ppm.

The carbonyl group could only be observed in an HMBC spec-
trum. No signal is observed between hydride and CH,-protons of
the propargylic chain in an NOESY spectrum, indicating a trans
orientation of these groups.

Minor isomer (cis):

'H NMR (300 MHz, C¢Ds) § = 3.58 (s, 1H), 3.31-3.07 (m, 2H), 2.76-
2.60 (m, 2H), 2,08-1.93 (m, 2H), 1.93-1.80 (m, 2H), 1.64-153 (m, 8H),
1.54-1.43 (m, 2H), 122-1.11 (dt, J = 8.9, 6.9 Hz, 6H), 1.00-0.82 (m, 12H),
0.8 (s, 9H), —15.27 (t, J = 18.2 Hz, 1H), ppm.

AP NMR (122 MHz, C5D¢) § = 72.61 ppm.

3C NMR (75 MHz, CsDg) 6 = 99.2, 93.2, 59.9 (t, J = 4.7 Hz), 44.8,
278 (t, / = 8.8 Hz), 274 (t, / = 10.8 Hz), 249 (t, J = 12.7 Hz), 20.9-20.5
(m), 19.1,17.2, —0.0 ppm.

A signal is observed between hydride and CH,-protons of the
propargylic chain in an NOESY spectrum, indicating a cis orientation
of these groups.

4.2.5. Synthesis of a mixture of complexes 8 and 9

To a solution of complexes 2 and 3 (255 mg, 0.500 mmol, 1.00 equiv)
in toluene (25 mL), NaBHEt; (0.6 mL of a 1 M solution on toluene,
0.600 mmol, 1.20 equiv) was added. The reaction solution was stirred
for 18 h at RT and filtered over celite. After removal of the solvent
in vacuo, a mixture of complexes 8 and 9 was obtained as a light
brown solid.

Yield: 33% (77.3 mg, 163 pmol)

ESI-HRMS (m/z pos): Calculated for [CyoH4NOP,Rul: 475.1707;
found: 4741633 [M — H]*.

Since the signals of the 'Pr- and the CH,-groups of both com-
plexes overlap, integration and assignment of those groups remain
ambiguous. Upon prolonged storage at RT complex 8 very slowly
converts into 9.

NMR data of complex 8:

"H NMR (300 MHz, CsDg) & = 5.47-541 (m, 1H), 2.51-2.34 (m, 5H),
2.32-1.80 (m, 10H), 1.55-139 (m, 6H), 1.39-1.13 (m, 12H), 1.13-1.03 (m,
6H), 1.00-0.91 (m, 6H), —8.93 (t, J = 19.5 Hz, 1H) ppm.

3P NMR (162 MHz, CsDg): § = 78.84 ppm.

3C NMR (101 MHz, CgDg): 8 = 2115, 168.1, 58.1, 311 (t, J = 11.2 Hz),
28.0 (t, /= 9.0 Hz), 249, 242 (t, J = 121 Hz), 214 (t, = 3.5 H2), 202
(t, / = 43 Hz), 18.6, 18.1 ppm.

NMR data of complex 9:

'H NMR (300 MHz, CsDs) § = 6.40 (td, J = 4.3, 32 Hz, TH), 413
(dt, J = 4.6, 2.3 Hz, TH), 2.51-2.34 (m, 2H), 2.32-1.80 (m, 12H), 1.55-139
(m, 6H), 1.39-1.13 (m, 12H), 1.00-0.91 (m, 6H), —7.51 (t, J = 20.4 Hz, 1H)
ppm.
#IP NMR (162 MHz, CsDg): 8 = 80.15 ppm.

C NMR (101 MHz, CsDg): § = 211.5, 168.1, 581, 311 (t, J = 11.2 Hz),
28,0 (t, ) = 9.0 Hz), 249, 242 (t, J = 121 Hz), 214 (t, J = 3.5 Hz), 202
(t, J = 43 Hz), 18.6, 18.1 ppm.

4.3. Formic Acid Dehydrogenation

A double-walled, thermostatically controlled reaction vessel is con-
nected via a reflux condenser to a manual burette. The reaction
vessel was repeatedly evacuated and purged with argon (three
times). The valve for extraction of gas samples was closed, and
another three evacuation and purge cycles were carried out. The
burette was flushed with argon three times. After the addition of
H,O (8.8 mL), triglyme (3.8 mL for complexes 10 and 11, otherwise
4 mL), and FA (32 mmol, 12 mL) under an argon stream, the reac-
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tion vessel was brought to reaction temperature with a thermostat
(a set temperature of 92.5 “C corresponds to a 90 °C internal temper-
ature). Once the reaction temperature was reached, the setup was
equilibrated for 20 min. The reaction was started for complexes 10
and 11 by addition of the catalyst stock solution (215 pL of a 20 mM
solution in triglyme, 4.3 pmol). In the case of complexes 8 + 9 and
12, the reaction was started by catalyst addition (4.3 pmol) with a
teflon crucible under a slight argon stream. The evolved gas velume
was measured at set time points. At the end of the reaction, a gas
sample was taken for GC analysis. CO content was below 10 ppm.
Reactions were reproduced at least twice with a standard deviation
of <15%, except with complex 11.

4.4. Transfer Dehydrogenation

A 25 mL Schlenk pressure tube with screw cap, together with a stir-
ring bar, was transferred to a glovebox. Inside, precatalysts 2 + 3
mixture (2.0 mg, or 2.3 mg of Ru-MACHO, 1.5 mol%) and KOH (2.5 mg,
0.045 mmol, 0.18 equiv) were added. Outside the glovebox, 10 mL of
acetone/THF 1:1 mixture (or pure THF) was added under argon flow,
together with 1-phenylethanol (30.5 mg, 0.25 mmol, 1.00 equiv). The
Schlenk tube was closed and placed inside a preheated oil bath (70
°C). Once the time had elapsed, the reaction was stopped by plac-
ing the flask inside an ice bath. Internal standard (hexadecane) was
added, and the solution was analyzed by GC-FID.

4.5, Transfer Hydrogenation

A 25 mL Schlenk pressure tube with screw cap, together with a stir-
ring bar, was transferred to a glovebox. Inside, 2.0 mg of precatalysts
2 + 3 mixture (or Ru-MACHO, 1-2 mol%) and KOH (0.18-1.00 equiv)
were added. QOutside the glovebox, 10 mL of 'PrOH or 1.3 mL of
MeCH and 0.7 mL of H;O were added under argon flow, together
with the substrate (025 mmol, 1.00 equiv). The Schlenk tube was
closed and placed inside a preheated oil bath (82 or 120 °C). Once
the desired reaction time had elapsed, the reaction was stopped by
placing the flask inside an ice bath. Internal standard (hexadecane)
was added, and the solution was analyzed by GC-FID.

4.6, Stoichiometric Reaction with Formic Acid

In a Young-NMR tube, to a solution of 8 + 9 (24.8 mg, 52.3 pmol,
1.00 equiv) in CgDg, formic acid (240 pL, 63.6 pmol, 1.20 equiv) was
added. After 6 h and 5 days, the reaction was analyzed by NMR. GC-
analysis of the headspace revealed the formation of trace amounts
of H; and CO,.

4.7. Reaction with Deuterated Formic Acid

In a pressure tube, to a solution of 8 + 9 (10.2 mg, 20.0 umol,
100 equiv) in THF (1 mL), formic acid d, (377 pL, 1.00 mmol,
50.0 equiv) was added. The reaction mixture was stirred at 65 °C for
3 days and subsequently analyzed by NMR,

Supporting Information

The Supporting Information contains all experimental methods,
analytical data, and computational information.
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ABSTRACT: A comparison of state-of-the-art catalysts for low
temperature aqueous phase reforming (APR) of methanol is
presented. To facilitate future applications, catalyst tests under two

standardized sets of reaction conditions are proposed.

Application Oriented Development of Reaction Conditions:
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KEYWORDS: Application, Green Chemistry, Homogeneous Catalysis, Methanol Dehydrogenation, Pincer Complexes

B INTRODUCTION

To realize carbon-neutral energy technologies in the near
future, the use of renewable resources is expected to rise.'
Wind and solar energy cannot be stored easily and have the
disadvantage not providing a constant energy production.”™’
To solve these problems, a variety of technologies for the
interconversion between electric and chemical energy are
currently investigated.”*""" In most concepts, the generation
of hydrogen via water electrolysis constitutes the first
step.”'"'" It can easily be converted to electricity and
mechanical energy."‘ﬁ However, the storage and transportation
of gaseous and liquified hydrogen is difficult and inefhi-
cient.””"'*'" These problems can be circumvented by the use
of appropriate hydrogen carriers.">'* Hence, in the past two
decades a variety of storage materials including methanol,
formic acid, ammonia, ammonia borane, decalin, methylcyclo-
hexane, perhydro-dibenzyltoluene and others have been
proposed.”””*'*'> Among these, methanol is probably the
most important due to its physical properties, availability, and
high hydrogen content.

So far, the vast majority of hydrogen (>90%) is produced via
classic steam reforming from natural gas and water in the
presence of appropriate heterogeneous catalysts.'“™ ' Apart
from the fossil feedstocks, disadvantages of this process are
high reaction temperatures and concomitant CO formation.
Those drawbacks can be overcome by low temperature
aqueous phase reforming (APR) of green methanol, which is
available from biowaste or hydrogenation of carbon dioxide
(summarized in Figure 1). First examples of APR were
reported by Dumesic and co-workers in 2002."” More
specifically, they dehydrogenated methanol and other biomass
derived hydrocarbons at high temperature and pressure (230
°C, 29 bar) using a Pt@y-Al, O, catalyst reaching a TOF of 420

© XXXX The Authors. Published by
American Chemical Society

~ ACS Publications

Steam methane reforming

CHy+H,0=3H;+CO high CO content (100% to 30%)

€O+ H,0 = H, + €O, high reaction temperature (800 °C)
Heterogeneous McOH APR

CH4OH = 2 H; + CO CO formation ((.1% to 100 ppm)

€O+ H,0 = H, + €O, reaction temperature (200 °C)
Homogencous MeOH APR

CH,OH + H,0 = 3 H, + €O, no CO formation (< 10 ppm)

low reaction temperature (< 100 °C)y

Figure 1, Overview of reforming methods for hydrogen production.

h™". Unfortunately, CO content (<300 ppm) was relatively
high, requiring further cleaning of the produced gas, e.g, by
water gas shift reaction.

Another important step in methanol APR was reached in
2013. In this year, the groups of Beller’® and Griitzmacher”"
independently reported ruthenium catalyzed low temperature
(<100 °C) methanol APR for the first time (Figure 2).
Trincado, Griitzmacher and co-workers used Ru-catalyst 2 and
achieved a TOF of 54 h™" using triethylamine as base. In this
case, CO could not be detected; however, no detection limit
was reported. Beller and co-workers performed the reaction in
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Figure 2. Ruthenium (blue), iron (green), manganese (pink) and iridium (orange) catalysts used in methanol APR. For details, see SI Table SL.

a basic aqueous solution (8 M KOH) utilizing complex 1. This
allowed the production of “pure” hydrogen gas with a turnover
frequency (TOF) of 4700 h™" and CO content of <10 ppm.
Notably, both works were performed at ambient pressure and
showed significantly improved activity of the catalyst compared
to the early work by Dumesic and co-workers.'” In the next
year, Beller and co-workers expanded the use of PNP-pincer
complexes toward additive free methanol APR utilizing a
bicatalytic system.”” The additive free nature of this catalytic
transformation necessitated the use of a solvent. In this
reaction, the so-called Ru-MACHO-BH catalyst (5) showed
high activity in the dehydrogenation of methanol to formic
acid and a second catalyst [Ru(H),(dppe),] (6, dppe = 1,2—
bis(diphenylphosphino)ethane) was highly active in the
reformation of the in situ generated formic acid. With the
resulting synergistic effect, a TOF of 94 h™' was reached. The
amount of CO was below 8 ppm. In 2019, Beller and co-
workers combined both these approaches to methanol APR to
generate an improved catalytic system.” They could reduce
the base concentration by the introduction of a solvent and
produced a 3:1 mixture of hydrogen and CO, with a TOF of
194 h™". The amount of CO stayed below 10 ppm. The

18117

applied catalyst system was immobilized in a supported liquid
phase by Haumann and co-workers and used in methanol
steam reformation at 150 °C.**** The last entry on ruthenium
PNP-pincer catalyzed methanol APR was performed by
Milstein and co-workers. It constitutes of a Ru-acridine
complex 13 in the presence of hexyl mercaptan as an
additive.” Performing the reaction at 150 °C in an autoclave,
a TOF of 643 h™" is achieved (Figure 2). The amount of CO
was below 20 ppm.

Another early work on methanol APR was conducted by
Milstein and co-workers in 2014. They reported a Ru-PNN
Pincer catalyst 4 for the base-mediated methanol APR (Figure
2).”” The reaction was performed in an autoclave with a TOF
of 50 h™!. The reaction solution could be recycled three times
without loss in activity and without detection of CO. However,
no detection limit was reported. In 2016, de Bruin, Reek and
co-workers synthesized Ru-salen complex 8 active in methanol
APR (Figure 2).** They achieved a TOF of 55 h™". CO
content was below an unspecified detection limit. Qin, Chung,
Zheng and co-workers showed that Grubbs metathesis
catalysts (14) are active in methanol APR, too (Figure )
They reached a TOF of 158 h™' with a CO content of <10

httpsi#/dei.org/10,1021 facscatal 4c05489
ACS Catal. 2024, 14, 18116-18123
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Perspective

ppm. Finally, Qin, Zhu and Zheng synthesized a PNNP-
ruthenium complex for methanol APR.™ At 120 °C reaction
temperature, they could achieve a TOF of 158 h™ 3 Again, the
amount of CO was very low (<10 ppm). It is worth noting that
all the systems highlighted in this paragraph utilize high
amounts of strong base (8 M KOH).

As shown in Figure 2, besides ruthenium complexes,
methanol APR has been reported with iridium catalysts 7 by
Fujita, Yamaguchi and co-workers already in 2015."" They
reached a TON of 10,500 with NaOH as base. The amount of
formed CO was not reported. In 2017, Beller and co-workers
improved the TOF from 70 h™'to 326 h™! utilizing an iridium
pincer catalyst (9, Figure 2).*' Here, KOH as a base was used,
but no data for the CO content were reported, too. In 2020,
Zhou and co-workers published another iridium based system
(12) for methanol APR, as shown in Figure 2.'* They achieved
a high TOF of 491 h™" but comparably low TON of 235
utilizing Na,COj; as the base. The amount of CO was below an
unspecified detection limit.

Apart from all of these noble metal catalysts, other metal
complexes based on iron and manganese have been reported
for methanol reformation under mild conditions (Figure 2).
The first work applying iron complexes was published in
2013. High catalyst activity (TOF > 700 h™') and
productivity (TON of 10,000) was achieved while CO content
was insignificant (<10 ppm). Two years later, Bernskoetter,
Hazari, Holthausen and co-workers improved the catalyst
performance by substituting KOH with LiBE,.>" More
specifically, they reached a high TON of 51,000 and the
produced gas contained <0.1% CO. A screening of Lewis acids
revealed, that small, oxophilic cations, like Li" and Na®, and
weakly or noncoordinating anions, like PF;~, BF,” and OTf",
result in the highest activity. Overall, LiBF, proved to give the
best results. The improved performance was explained by
Lewis acid enhanced decarboxylation of the Fe formate
complex.

In 2017, some of us reported the first methanol APR in the
presence of manganese complexes (10, Figure 2). Similar
catalyst TON (20,000) to iron complexes were achieved.
Notably, the respective manganese pincer complex showed a
remarkable stability of more than one month utilizing KOH as
the base and triglyme as the solvent. The amount of genemted
CO was not reported.

To summarize, in most of the above-mentioned examples,
reaction optimization mainly focused on reaching highest
yields, catalyst turnover numbers (TON) and/or frequencies
(TOF). Besides those parameters describing the catalyst
performance, other important aspects must be taken into
consideration for potential applications, e.g. combining hydro-
gen generation and its direct application in fuel cells. Essential
aspects include hydrogen production rate and product purity
(especially CO content). Cost for metal precursors, ligands,
and additives as well as energy efficiency are additional
concerns. As an example, for an application in polymer
electrolyte fuel cells (PEMFC), the produced gas must contain
<10 ppm of CO.”" This necessitates a low reaction
temperature (<100 °C) to prevent the formation of CO by
water gas shift reaction. It also enables the opportunity to use
reaction heat from other processes in a production plant as a
heat source. Furthermore, high gas evolution rate and catalyst
stability are vital for an application in PEMFC.

As shown in Figure 2 and SI Table S1, most reported
systems operated under vastly different reaction conditions

hindering an objective performance comparison of different
catalysts. Here, we present an appropriate assessment of known
catalysts in methanol APR under standardized conditions.
These investigations provide insights into the catalytic
activities and help decide which catalysts are worthy of being
further investigated for stability tests, longer term reactions,
and upscaling with respect to puhantia] applications. Addition-
ally, further ruthenium complexes not yet tested in methanol
APR were employed.

B RESULTS AND DISCUSSION

As evident from the literature examples described before, the
choice of suitable reaction conditions, especially of additives, is
of utmost importance (reaction conditions are summarized in
detail in SI Table S1). Consequently, the presented literature
examples were evaluated on two main criteria, to judge their
potential for industrial applicability: 1) Catalysts should show
good activities under the respective reaction conditions, and 2)
should allow for the stable generation of significant amounts of
hydrogen during a quickly reached working phase. Based on
these criteria, the reaction conditions presented by Beller and
co-workers in 2019,>* and by Bernskoetter, Hazari, Holthausen
and co-workers in 2015"° were chosen due to the applicability
potential as well as to cover the opposite kind of additives:

1. Basic additives (Beller and co-workers): MeOH (9 mL),
H,O (1 mL), triglyme (20 mL), KOH (10 mmol),
catalyst (0.015 mol %, 8.5 umol), T,, = 92.5 °C.*

. Lewis acidic additives (Bernskoetter, Hazari, Holthausen
and co-workers): MeOH (160 pL), H,O (18 uL),
EtOAc (10 mL), LiBF, (0.1 mmol), catalyst (0.01 mol
%, 0.1 gmol), T,, = 80 °C.>*

The Lewis acidic reaction conditions fulfill these criteria by
reaching high activity and selectivity in combination with a
stable gas evolution during the working phase (TON: 51,000).
The system based on basic additives offers a highly stable
working phase, which is reached within a short time frame and
a high activity (TON: 10,000; TOF: 190 h™'). To properly
evaluate the unique characteristics of this reaction system, the
interplay between base concentration, solvent and reaction
temperature must be elucidated.

In general, maximum reaction temperature is limited by the
boiling point of methanol when working without solvent.**
However, this limit can be raised by increasing the amount of
base used”****%*H3 or by introduction of a high boiling
solvent.”* For examp]e, the internal reaction temperature could
be increased from 68 °C (1 M KOH) to 88.5 °C (8 M KOH)
by raising the amount of base. The same result was observed
using tri‘gly'me as solvent at lower base concentrations (1 M
KOH).”

The evaluation of these effects requires a closer look at
methanol reformation. In presence of a strong base, usually
KOH, methanol is converted to hydrogen and carbonate (eq
l). In this process, a strong base is converted to a weaker one,
and consequently, the pH-value drops. This part of the
reaction is called the initiation phase (Figure 3). It is
characterized by a high reaction rate and the evolution of
pure hydrogen gas. After full consumption of the strong base,
the so-called working phase starts (Figure 3). Here, methanol
and water are converted to hydrogen and carbon dioxide (eq
2). The pH-value is stable, and the reaction proceeds slower
than during the initiation phase. For applications of these
reaction conditions, it is beneficial to reach the working phase

[

httpsi#/dei.org/10,1021 facscatal 4c05489
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Figure 3. Ru-catalyzed methanol APR:* Different reaction phases.

fast. Therefore, to reach high reaction temperatures, a high
boiling solvent in combination with low amounts of a base
should be used.

CH,OH + H,0 + KOH — 3H, + KHCO, ()
CH,0H + H,0 — 3H, + CO, (2)

Having established two sets of reaction conditions for
methanol APR, their suitability as standardized systems was
further evaluated. Focusing on basic additives first, for a proper
comparison of catalysts, mainly their working phase and CO

impurities are of interest. Additionally, a short initiation time is
beneficial. Successful validation of our results with literature
revealed a working phase TOF of 143 h™' for RuPN"P'Pr
(Table 1, entries 1 and 2) and 168 h™" for RuPN™*P'Pr, which
is comparable to the reported values (SI Table S1).*!
However, the CO content was slightly higher than originally
reported (53 and 19 ppm, respectively). Notably, for most of
the tested catalysts CO-contents between 10 and 90 ppm were
observed (Table 1).

Next, the influence of different N substituents on the
catalytic activity was investigated. The introduction of a vinylic
N-substituent at the nitrogen atom of the catalyst backbone
(RuPNA™PiPr, 3 mixture of two complexes was employed
since the isolation of the pure compound is not possible™)
resulted in good activity (Table 1, entry 3). A working phase
TOF of 153 h™! after an initiation time of 3.5 h could be
reached, resulting in results similar to those for RuPN™*P'Pr,
Significant improvements in activity and reproduublht}r
compared to the base-free reaction conditions’* were achieved
with the proposed standardized reaction conditions. With a
phenyl group at this position, almost all activity was lost during
initiation phase, despite the catalyst being highly active in
formic acid dehydrogenation (Table 1, entry 4).*

Classic Ru-MACHO showed activity very similar to that of
RuPN"P'Pr in the working phase, but a longer initiation phase
was observed (Table 1, entry §). Next, the activity regarding
different ligand backbones was investigated. A pyridyl group in
the backbone resulted in a slightly lower activity of 122 h™'

Table 1. Comparison of Different Ruthenium Catalysts in Methanol APR”

H |
N N
I | i
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c’co C'co
RuPN"P'Pr RuPNMp'Pr

H
| |

[NRY Nu

N'i\\‘r...

N
Pr,P—Ru"PPr, * Pr,P—Ri—PPr,
|

PrP— Ru—P'Pr, Ph,P—RI—PPh, iny pﬁnu"_p.,,, ‘p,p_Ruﬁp.P,
C CO c ¢o 2 2 2 2

RuPNP"P'Pr Ru-MACHO

Ph ih
N7ON NN
HN’J\\N’L HNJ\Nél\I“J—'FQF
b S PP — RO PPy~
PrzF'—ﬁu—F'Pr H'éo H
Cl'co
RUPNsP'Pr (RUPNgP'Pr),
Entry Catalyst Initiation time in h  Initiation phase TOF in h™!
1 RuPN"P'Pr 1.8 917
2 RuPN™P'Pr 30 547
3 RuPNAkeepip” 35 519
4 RuPN""p'pr® 44 16
5 Ru-MACHO 27 597
6 RuPN""PPr 50 339
7 RuPN,PPr 18 h 84
3 RuPNPPr" 8d 9
9 (RuPN,P'Pr)," 31 d 5
10 RuPN*PPr 30 4d° 4

Py
e co oo
1 : 07
RuPNAkenpipy
el J @
N H HNT NN
RuPNP’"P Pr RuPN;P Pr
ey LT
Poi Ru™—piPr, N
YNYNH ProP—Ru—PPr,
r H™ “co
¥ RuPNA'P/Pr
Ph

Working phase TOF in h™'  Gas evolution rate in mL/h  CO content in ppm

144 42 57
168 48 24
153 43 50
- & 65
153 +4 58
122 33 <10
0 0 563
2 0.43 86
- - 31
- - 578

“Reaction conditions: MeOH (9.00 mL), H,0 (1.00 mL), triglyme (20.0 mL), KOH (10.0 mmol), catalyst (8.32 to 8.99 ymol), T,,, = 92.5 °C.
TOF was calculated as an average over the whole initiation or working phase. Gas evolution rate was calculated as an average over the whole
working pha.se Working phase started after 340 mL gas evolution. "For these complexes, methanol APR was not extensively demonstrated prior to

this work. “Estimated initiation time.
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Table 2. Comparison of Different Metal PNP Pincer Complexes in Methanol APR”

H
ey ey W CRVRL o

PrsP—Mi—PPr, PPhy—Mn—PPh, 'Pr.P—Fe—PPr ‘PTzP_/F:E._F'sz PrP— Ir~—PPr,
OoC co oC co H3BH™ co H3BH" co H'&1
MnPN"PPr MnPN"PPh FePN"P'Pr FePN“epipr IrPN"P'PY
Entry Catalyst Initiation time in h  Initiation phase TOF in h™'  Working phase TOF in h™'  Gas evolution rate in mL/h  CO content in ppm

1 MnPNUPPr - - - - -
2 MnPN"PPh" - - - - -
3 FePN"P'Pr 87h 183 44 12 48
4 FePNMP'Pr” 17 b° 92 - - 112
5 PN"PPr! s4d 17 3 0.78 60

“Reaction conditions: MeOH (9.00 mL), H,O (1.00 mL), triglyme (20.0 mL), KOH (10.0 mmol), catalyst (8.41 to 8.99 gmol), T, = 92.5 °C, 6
h. TOF was calculated as an average over the whole initiation or working phase. Gas evolution rate was calculated as an average over the whole
working phase. Working phase started after 340 mL gas evolution. "For these complexes, methanal APR was not investigated prior to this work.
“Estimated initiation time. “Working phase started after 450 mL gas evolution.

Table 3. Effect of LiBF, on the Gas Evolution of Metal Pincer Complexes”

H H
(NI N

‘FrZPiFIe P'Pry ‘PrzP—/Fle —P'Pr
HsBH" co HCOO™ co
FePN"P'Pr FePN"P'Pr-FA
Entry Catalyst Catalyst amount in gmol Solvent Additives Gas evolution in mL
13 FePN"PPr-FA 0.10 EtQAc 10 mol % LiBF, 98"
3 FePNUPPr 0.10 EtOAc 10 mol % LiBF, 0
3 FePN"P'Pr 0.10 EtOAc 10 mol % LiBF, 0
0.1 mol % KOH
4 FePN"P'Pr 8.39 to 849 Triglyme 10 mol % LiBF, 0
s FePN"P'Pr 8.44 to 8.74 Triglyme 10 mol % LiBF, 280
18 mol % KOH
6 FePN"P'Pr 8.52 to 8.74 Trighyme 18 mol % KOH 304
7 RuPN"P'Pr 0.10 EtQAc 10 mol % LiBF, 0
8 RuPN"P'Pr 8.49 to 8.66 Triglyme 10 mol % LiBF, 0
9 RuPN"P'Pr 8.60 to 8.71 Triglyme 10 mol % LiBF, 429
18 mel % KOH
10 RuPN"P'Pr 8.85 to 8.90 Triglyme 18 mol % KOH 523
11 IlPN"P'Pr 0.10 EtOAc 10 mol % LiBF, 0
12¢ IrPN"P'Pr 4.25 to 447 Triglyme 10 mol % LiBF, \]
13° IrPN"P'Pr 4.26 Triglyme 10 mol % LiBF, 43
18 mol % KOH
145, % LePNYPPr 418 Triglyme 18 mol % KOH 82

“Reaction conditions with EtOAc as solvent: MeOH (160 L), H,O (18 L), EtOAc (10.0 mL), LiBF, (10 mol %, 0.1 mmol), catalyst (0.01 mol
%), To = 80 "C. The gas evolution after 18 h is recorded. Reaction conditions with triglyme as solvent: MeOH (9.00 mL), H,0 (1.00 mL),
triglyme (20.0 mL), KOH (18 mol %, 10 mmol), LiBF, (10 mol %, 5.55 mmol), catalyst (8.39 to 8.90 ymol), T,,, = 92.5 °C. The gas evolution
after 6 h is recorded. Reactions without base were performed with the activated catalysts [Ru(PN"P'Pr)(CO)(H),] and [Ir(PN"P'Pr)(H),]. PThe
gas evolution after 52 h is recorded. “Reaction conditions: MeOH (9.00 mL), H,O (1.00 mL), KOH (5.00 mmol), LiBF, (5.00 mmol}, catalyst
(4.18 to 447 pmol), T, = 94 °C. The gas evolution after 3 h is recorded.

during the working phase and a longer initiation time of 5 h
(Table 1, entry 6). For RuPN;PiPr, a longer initiation time of
18 h was determined (Table 1, entry 7), and all activity was
lost at the end of the initiation phase. Over the course of the
reaction, the CO content increased from <10 ppm (6 h) to 563
ppm (7 d). This large amount of CO at the end of the reaction
corresponds to the loss of one CO ligand from catalyst. Hence,
in this case it is possible that the catalyst decomposes under
loss of CO. Next, the recently introduced monomeric
RuPN,P'Pr and dimeric (RuPN,P'Pr), catalysts’’ were
examined in methanol APR, too (Table I, entries 8 and 9).
Similar to the recently reported formic acid dehydrogenation,

initial activity of the monomeric complex was significantly
higher than that of the dimeric one (SI Figure §3).*” Both
complexes showed deactivation during the initiation phase.
Due to the estimated initiation time (31 d) of the dimeric
complex, the working phase was not investigated. After an
initiation time of 8 d, monomeric complex gave a working
phase TOE of 2 h™', RuPN*P'Pr is known to perform
methanol APR at 150 °C with high turnover frequencies
(Figure 2, Table §1).*° However, at lower temperature (90
°C), an initiation phase TOF of 4 h™' was measured, resulting
in an estimated initiation time of 30 d (Table 1, entry 10).
Therefore, the working phase behavior of this complex was not

httpsi#/dei.org/10,1021 facscatal 4c05489
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Perspective

investigated. In addition, a significant CO content (578 ppm)
was measured,

Apart from ruthenium catalysts, other PNP pincer
complexes with different metal centers were investigated.
Despite previous successful works,” both applied manganese
catalysts showed no activity under these more practical
reaction conditions (Table 2, entries 1 and 2). In contrast,
FePN"P'Pr is active with a TOF of 183 h™! during the
initiation phase (Table 2, entry 3). For this catalyst, this is a
signiﬁcant improvement in activity if values with similar base
concentrations are compared (SI, Table 51). The standardized
reaction conditions proposed here also allow the observation
of a working phase for the first time for an iron catalyst in base
mediated methanol APR (TOF of 44 h™' and a gas evolution
rate of 12 mL/h). As another iron-based pincer complex, N-
methylated FePNYP'Pr was investigated (Table 2, entry 4).
Despite iron complexes usually following an outer sphere
reaction mechanism, "~ this complex is known to be active
in formic acid dehydrogenation.”” More specifically, an
initiation phase TOF of 92 h™" was obtained for FePN"“P'Pr.
This represents 50% of the activity of FePN"P'Pr. Compared
to all previously tested molecularly defined complexes, the
respective iridium complex IrPNPPPr showed an unusual
behavior in methanol APR (SI Figure S5). Once the pH value
of the reaction started to drop, a sharp increase in catalyst
activity was observed. However, this “high activity phase” was
not permanent, and the reaction rate slowly decreased. Since
the working phase is characterized by a steady gas evolution, its
start was defined at 450 mL of gas evolution. Therefore, a
working phase TOF of 3 h™' after an initiation phase of 5.4 d
was observed (Table 2, entry 5). The sharp increase in activity
can be explained by the high activity at low base
concentrations.”’ Since 60 ppm of CO were detected in the
produced gas, the formation of the inactive carbonyl complex
is likely, as described by us prew,'im).sly.‘I

The second set of reaction conditions to evaluate potential
catalysts more appropriately is based on works by Bernskoet-
ter, Hazari, Holthausen, and co-workers.”** Their screening,
as summarized above, resulted in the following optimized
reaction conditions:

MeOH (160 uL), H,O (18 uL), EtOAc (10 mL), LiBF,
(0.1 mmol), catalyst (0.01 mol %, 0.1 gmol), T, = 80 °C.

Utilizing this reaction system Bernskoetter, Hazari, Holth-
ausen and co-workers could reach a high TON of 51,000 for
the iron complex FePN"P'Pr-FA (Table 3, entry 1).*> When
switching from this iron formate complex to the corresponding
HBH,-complex FePN"P'Pr, no gas evolution was observed
after 18 h (Table 3, entry 2). Activation of the catalyst with a
base prior to the reaction led to no improvement (Table 3,
entry 3). By slowly altering the reaction conditions toward the
basic set of reaction conditions discussed above, activity could
only be observed after base was added (Table 3, entries 4—6).
Similar results were obtained using ruthenium and iridium
complexes (Table 3, entries 7—14). Only in reactions with a
base could activity be observed for the catalysts. It is worth
noting that there is a slight increase in activity when no LiBF,
was used (280 to 304 mL for iron, 429 to 523 mL for
ruthenium and 43 to 82 mL for iridium). The same trend was
observed by Kirchner, Gonsalvi and co-workers in formic acid
dshydmgenatinn.#' The catalyst lost all activity when the base
was replaced with LiBF,. These results indicate a detrimental
effect of LiBF, on the catalytic activity for most catalytic

18121

systems, resulting in a very limited applicability of LiBF, as an

additive in standardized systems.

B CONCLUSION AND ECONOMIC CONSIDERATIONS

Low temperature aqueous phase reforming (APR) of green
methanol, which should be available on a larger scale from
biowaste or hydrogenatiun of carbon dioxide in the future,
offers a highly attractive possibility as part of hydrogen storage
technologies. Crucial for the application of such processes will
be the development of the appropriate catalysts. To identify
the optimal system, an objective evaluation of such materials
under the same conditions is a prerequisite. Therefore, we
propose here the use of two different standardized reaction
conditions to investigate the initial potential of the new
catalysts.

Author: In addition, we would like to emphasize that
significant improvements in performance are still needed for
practical scale application (>10 ton-scale MeOH). This fact is
illustrated by the following calculation: The current price for
hydrogen gas is around $2/kg. Typically, in catalytic reactions,
the price of catalyst should be below 5% of the products price.
This corresponds to a target catalyst price of 2.0-107" $-1nul;{1\.
Based on this information, the stability (TON) of the catalyst
in dependence on its cost is calculated (Figure 4).

Figure 4. Catalyst stability (TON) in dependence of its cost for
methanol APR (blue). The red dot marks cost and TON for the
commercially available so far best catalyst RuPN"P'Pr under basic
reaction conditions. A catalyst costing $200/mol would need to
achieve a TON of at least 10° to be profitable (i.e., contribute less
than 5% to the product cost).

More specifically, examining one of the best catalysts
RuPNYPiPr (priced at $405/g or 31901000/m01) more closely,
an overall TON of 10° must be reached for real world
applications. Considering the present catalyst activity, this
would correspond to a reaction time of around 750 years!
Therefore, it is evident that the presently known catalyst
performance must be enhanced by at least 3 orders of
magnitude. Such improvements are typically not possible by
simple optimization of process conditions and minor catalyst
variations. In fact, completely new developments from ground
up are needed, which should be aware of the realistic
requirements for catalyst applications. Moreover, we would
like to point out that catalyst costs should be seen in a holistic
way. For the catalyst above, the costs of metal and lig:md are
nearly the same. Hence, simply switching from Ru-PNP to Fe-
PNP complexes does not solve this dilemma. We encourage all

httpsi#/dei.org/10,1021 facscatal 4c05489
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researchers interested in this field to specifically look for the
combination of abundant metals and cheap ligands.
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