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ABSTRACT
Synthesis, Characterization and Reactivity of Manganese PN3 Pincer
Complexes
Razan Mal

Manganese is amongst the most abundant transition metals on earth. Playing several
roles in enzymatic function, manganese is largely considered biocompatible and, in
comparison to most transition metals, it is relatively inexpensive. It is surprising then,
that manganese remains poorly explored in the field of pincer-based homogenous
catalysis.
PN3(P) pincer ligands have proved to impart different kinetic and thermodynamic
properties to the complexes they are a part of when compared to analogous complexes
of ligands with CH2 spacers.
In part I of this work, we present unexpected results from a thorough investigation of
the coordination chemistry between a PN3 phenanthroline-based ligand and several
manganese salts that suggest that the coordination environment may promote a
disproportionation reaction. We also present an efficient route towards dichloride
substituted PN3 manganese complexes.
In Part II, we investigate the reactivity of manganese(II) pincer compounds in ester
reduction reactions and probe the promising results afforded by reduction through
borohydride.
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Chapter 1 - Introduction
1.1 Introduction to Pincer Systems
1.1.1 Pincer Systems; An Overview
The prototypical pincer system consists of three components: a metal center, a
tridentate ligand, and some number of auxiliary ligands. The strict definition of a pincer
system also stipulates that the three metal-ligand bonds must be coplanar. These three
chelating bonds form two heterocycles that incorporate the metal center and the
resulting chelate effect provides geometric rigor and increased stability allowing pincer
complexes to act as powerful catalysts in a wide range of reactions.

Figure 1. 1 A simplified representation of the prototypical pincer system

Figure 1.1 presents the basic elements of a pincer system. Z, D and D’ are the central
donating atom and the two flanking donating atoms, respectively. Y and Y’ are called
spacers and the D-Y-Z-Y’-D’ motif is termed the ligand backbone. Ligands are often
named on the basis of their backbone – DZD’ or DYZY’ D’, according to their substituents.

13
The past four decades of research into pincer chemistry have shown that even a
seemingly slight change in any of the three components of the pincer system can have
substantial effects on the reactivity and selectivity of the resulting complexes1. For
example, changing any of the donor atoms in a pincer ligand, will have a direct effect on
the electronic properties of the resulting pincer system. D and D’ often have
substituents of their own which can be altered to create stereocenters in the ligand or
to provide more or less steric hindrance thereby altering regio- and stereo-selectivity in
catalytic functions. Even the spacers can make a difference. Traditionally thought to
govern only the cavity size of the ligand, in recent years, specific cases have been
documented in which spacer atoms actually play a role in catalytic reactions through an
activation mode termed metal-ligand cooperation2. This concept is further discussed in
section 1.2.
If the elemental make-up of the pincer backbone can be considered a primary quality,
there are also secondary qualities that effect pincer system reactivity. Tolman electronic
parameters, cone angles and ligand field strengths all play their respective roles in
determining complex reactivity and by taking these concepts and more into
consideration, it is possible to design reaction specific catalysts with high yields,
lifetimes and selectivities3. Recently, pincer ligands have also revealed a high tolerance
for post-chelation modifications4-6, expanding the horizons of pincer chemistry and
introducing yet more opportunities for fine-tuning complex reactivity.
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As can be imagined, because of all the opportunities for modifications, there exists a
huge array and combinatorial possibilities of and for pincer ligands. This work focuses on
PN3 type ligands as introduced in section 1.2.
It is also important to note that while this thesis looks at pincer systems as catalysts,
pincer complexes have shown potential as sensors and traps, as well as
chemotherapeutic drugs and stoichiometric reactants7.

1.2 Pyridine-Based and PN3 Type Ligands

Figure 1.2 Basic structure of a ligand including a pyridine moiety

Pincer ligands containing the pyridine moiety and at least one phosphine arm are
amongst a privileged class of ligands capable of reversible de-aromatization8. Here, this
term refers to the facile transformation shown in Figure 1. 3 in which the aromaticity of
the pyridine moiety is broken, often accompanied by the deprotonation of a spacer
group ortho to the nitrogen position, and consequently, double bond migration. The
processes of aromatization/de-aromatization are of particular interest because they can
significantly and reversibly alter the coordination mode and environment, providing new
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catalytic pathways9. This concept is referred to as metal-ligand cooperation and is
thought of as a type of ligand non-innocence.

Figure 1.3 The difference between aromatized compounds and de-aromatized compounds

PN3 and PN3P type ligands are those in which the traditional pincer spacer, CH2, has
been replaced on either one or both arms by an NH group. N-H bonds are both more
acidic and stronger than C-H bonds and our group has shown that combining pyridinebased ligands capable of de-aromatization with nitrogen spacers yields ligands and in
turn complexes with strikingly different reactivities than those of their carbon spacer
analogues10-11.
This work focuses on N-(di-tert-butylphosphaneyl)-1, 10-phenanthrolin-2-amine (L1) - a
PN3 type, pyridine centered ligand as shown in Figure 1.4. This ligand has been
previously synthesized and well characterized by our group in complexes with
ruthenium12. Two factors stand out about this ligand making it particularly interesting to
study. First, L1 is both rigid and rigidly planar and second, L1 is not symmetric.
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Figure 1.4 N-(di-tert-butylphosphaneyl)-1, 10-phenanthrolin-2-amine referred to in this work as L1

1.3 Manganese Pincer Complexes
1.3.1 Manganese Pincers: An Overview
Since inception, the field of pincer catalysis was largely centered around the so-called
noble transition metals. In the past decade, however, there has been a move towards
studying base metals as parts of lower cost, higher efficiency systems. Strides have been
made using many base transition metals including iron, cobalt, and chromium but
manganese has been, comparatively, overlooked. This is surprising because manganese
is one of the more earth-abundant transition metals and manganese sources such as
manganese halide salts are often competitively priced when compared to analogous
salts of other transition metals. Manganese is also considered bio-compatible, even
required for enzymatic function in many organisms, making it a good contender for
roles in green catalysis. However, it is this author’s assertion that what makes
manganese most interesting is that the noble transition metals of group 7 are
unavailable for practical use - rhenium being prohibitively expensive and technetium
being unstable - and the group as a whole can be considered poorly defined within the
context of pincer catalysis. This said, since 2016, manganese pincers have started to gain
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traction and, in that time, have already found a wide range of catalytic applications. A
brief overview is presented in section 1.3.2 and the topics of carbonyl reduction by
manganese pincer complexes are explored in depth in section 3.1.
1.3.2 Manganese Pincers in Catalysis
Even outside of pincer systems, manganese compounds are known for their efficiency in
catalyzing homo-coupling reactions, especially those of Grignard reagents13. In a recent
example, Milstein’s group reported a PNP-based compound that catalyzes the C-C bond
formation between non-activated nitriles and Michael acceptors in fair to good yields14.
Beller showed their catalyst’s ability to α-alkylate ketone substrates with alcohols
through hydrogen auto-transfer, providing an environmentally benign pathway to more
complex ketones in good yields15.

Figure 1.5 Some manganese-based catalysts involved in C-C bond formation
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Few examples of Manganese pincer complexes catalyzing the formation of C-O bonds
exist. One example is that of Gauvin and co-worker’s simple PNP pre-catalyst16. Under
base-free conditions, they were able to catalyze the dehydrogenative coupling of
primary alcohols to esters.

Figure 1.6 An example of a manganese-based pre-catalyst for C-O bond formation

Several other examples of manganese-based dehydrogenative coupling exist but two of
the most notable are mentioned here. Milstein’s group pioneered the environmentally
benign dehydrogenative coupling using the same complex presented under their name
in Figure 1.517. In 2015, with this seminal example, he was able to achieve moderate to
good yields18 but since then both Kempe 19 and Kirchner18 have expanded the field.
Kempe’s findings were particularly interesting; by using the tert-butoxide of either
potassium or sodium, they found that they could shift the equilibrium of the reaction
towards either the amine or imine product.
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Figure 1.7 Kempe's pre-catalyst for base-switchable amine or imine formation

Of obvious interest is Beller’s dehydrogenation of methanol and other aqueous
alcohols20. Using their complex from Figure 1.5, Beller’s group published the first
example of manganese catalyzed methanol dehydrogenation to carbon dioxide and
hydrogen. This transformation is especially important in the fields of renewable energy
in which methanol is considered a potential candidate for hydrogen gas storage.
Finally, many catalytic reductions, including hydrogenation, hydrosilation, and
hydroboration have been reported for manganese pincer complexes. One notable and
non-traditional example of pincer hydrosilation is Trovoitch’s pentadentate manganese
complex shown in Figure 1.821. With this atypical compound, Trovoitch achieved
excellent conversions, with low catalyst loading (< 1 mol%) and at room temperatures in
the space of several minutes to hours in most cases.
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Although several examples of hydroboration exist, Gade’s 2018 paper presents an indepth kinetic profile so as to better understand the unexpectedly high reactivity they
encountered. Backing up their claims with density functional theory calculations, they
found that their catalyst could participate in two different activation pathways,
highlighting, in their words, “the mechanistic complexity … of manganese catalyzed
reductions”.

Figure 1.8 Unusual manganese catalysts for hydroboration and hydrosilation

It is important to note here that the active species in the examples presented above are
all ‘low-valence’ manganese complexes such as Mn(I), and that ‘high-valence’
manganese compounds have largely been considered non-active. Indeed, several
authors have asserted that only low-valent manganese species, often coordinated to at
least one carbonyl ligand show promise as precatalysts22-23.
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To the best of our knowledge, the first refutation of this claim is found within the work
of Cavallo, Reuping and Al-Sepelgy24. In this recent work, they present the transfer semihydrogenation of alkynes using a Mn(II) PNP species and ammonia borane as the
hydrogen donor. With relatively mild conditions, they were able to achieve good to
excellent yields of the alkene product with very high enantioselectivity.

Figure 1.9 High-valence manganese catalyst used in the transfer semi-hydrogenation of alkynes
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Chapter 2 – Coordination Chemistry
2.1 Background and Rationale
2.1.1 Common Coordination Chemistry of Mn(CO)5Br
One of the most common manganese sources used in organometallic chemistry is
manganese pentacarbonyl bromide. This octahedral organomanganese compound has
proven to often afford a simple route towards carbonyl substituted manganese pincer
compounds, producing either two or three equivalents of carbon monoxide in the
process. Several recent examples are outlined in both Figure 2.1 and Figure 2.2.
Figure 2.1 deals specifically with the coordination processes of ligands to manganese
pentacarbonyl bromide that release three equivalents of carbon monoxide. Figure 2.2
deals specifically with the coordination processes of ligands to manganese
pentacarbonyl bromide that lead to the release of two equivalents of carbon monoxide
and the formation of a salt with anionic bromide. An overview of the workup leading to
the isolation of the compounds referenced as crystals is presented in Section 2.1.2.
2.1.2 Complex Isolation in Literature
In Milstein’s 2018 paper25, his group records the successful coordination of a bipyridine
based PNN ligand to a manganese center from Mn(CO)5Br. A crystal structure was
obtained for the complex by evaporating the reaction solvent and washing with
pentane. This mixture was once again dried by vacuum and washed with THF. This
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solution was filtered, concentrated and layered with pentane affording the complex as
seen in Figure 2.1

Figure 2.1 Reactions of several different ligands with Mn(CO)5Br leading to dicarbonyl monobromide substituted
pincers

Sortais published the synthesis of his PONOP manganese dicarbonyl monobromide
complex in 2018 but did not provide crystal structure data for the complex 26. Instead,
his group characterized their complex through IR and NMR studies.
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Jones’ PNP manganese dicarbonyl monobromide complex is shown in Figure 2.127. After
the reaction time elapsed, the reaction mixture was cooled to room temperature and
filtered. A dark violet solid resulted and this was washed with pentane and dried under
vacuum. Then, the dry solid was dissolved in dichloromethane and left overnight,
affording bright purple crystals.

Figure 2.2 Reactions of several different ligands with Mn(CO)5Br leading to tricarbonyl cationic species
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Beller’s NNN manganese tricarbonyl complex was obtained from the refluxing of THF
under argon with the exclusion of light28. After the reaction time elapsed, the mixture
was cooled, filtered and washed with diethyl ether. The solid was then dissolved in a
mixture of dichloromethane and diethyl ether, affording crystals suitable for X-ray
diffraction.
Beller’s PNP manganese tricarbonyl complex 29 resulted from slightly different reaction
conditions. The reaction was carried out in toluene at 100 °C for 20 hours. After this
time, the mixture was cooled, dried under vacuum and washed with pentane. For
crystals available for analysis by X-ray diffraction, Beller’s group mentions the layering of
a concentrated solution of the product in acetonitrile, diethyl ether and pentane.
Sortais’ PN3P manganese tricarbonyl complex 30 was isolated by filtering the crude
reaction mixture and then washing the solid with cold THF and pentane. The solid was
dissolves in dichloromethane and crystals for x-ray diffraction were obtained by
diffusing pentane into the solution.
2.1.3 Rationale
In light of the result presented in the previous sections, we expected that the reaction
between Mn(CO) 5Br and our ligand, N-(di-tert-butylphosphaneyl)-1,10-phenanthrolin-2amine (L1), would afford either complex 1 or 2 as shown in scheme 2.3. This was not
what we found, however, and the following sections discuss our actual findings on the
coordination chemistry between L1 and Mn(CO) 5Br.
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Figure 2.3 Expected products for the reaction of L1 and Mn(CO)5Br

2.2 Mn(CO)5Br as a Manganese Source
2.2.1 Experimental Method
Under inert atmosphere, an airtight NMR tube was charged with 0.03 mmol of
manganese pentacarbonyl bromide (0.008 g). L1 (0.010 g, 0.03 mmol, 1 eq) and THF
were then added and the tube was allowed to sit at room temperature for 24 hours.
During this time, from a clear, yellow-tinged solution, two phases were formed - one, a
pastel yellow solid and the other, a pale yellow liquid.
2.2.2 Results and Discussion
The reaction as described above was monitored by proton decoupled phosphorus-31
NMR spectroscopy at 0, 24, 48 and 72 hours. The results of this monitoring, reprinted
here in Figure 2.4a, revealed an unexpected trend; as reaction time increased, peak

intensity decreased.
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Figure 2.4 NMR spectroscopy: a. proton decoupled phosphorous NMR for the reaction of L1 and Mn(CO)5Br.
b. Proton NMR for the same reaction, recorded in CDCl3

To investigate this trend, the reaction was repeated in deuterated chloroform, allowing
the proton-1 NMR spectra to be resolved. Once again, the spectra were recorded at 0,
24, 48 and 72 hours. A window from these results is represented in Figure 2.4b. The
broadening of the peaks in this spectra clearly shows that a paramagnetic species has
formed within the reaction mixture. The starting material, Mn(CO)5Br, complex 1 and
complex 2 are diamagnetic as they are all manganese (I) species. These facts suggest
that during the course of the reaction, a relatively large proportion of metal center has
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likely been oxidized from Mn(I) to Mn(II) and that whatever species is formed is neither
complex 1 nor complex 2.
2.2.3 Characterization by XRD
To characterize the unknown paramagnetic species, we turned to single crystal X-Ray
Diffraction (XRD). To obtain a crystal, the crude THF reaction mixture was filtered
carefully, preserving both the solid and liquid phases of the mixtures. The liquid phase
was dried under vacuum, washed with its respective solvent and filtered once more. The
solid phase was dried under vacuum, washed with methanol and filtered. Both fractions
were then left to recrystallize by slow solvent evaporation.
The fraction dissolved in THF offered two crystals; one yellow and the other yelloworange. These structures were resolved by XRD which gave structures 3a and 4,
respectively. One yellow crystal was retrieved from the methanol fraction and gave the
crystal structure 3b.
Structure 3a is the yellow L1-manganese(II)-dibromide complex from the THF fraction.
Accordingly, 3a contains THF as the solvent of crystallization as presented in Figure 2.5.
The molecule is penta-coordinated , arranged in a square pyramid. Pertinent bonds and
angles are presented in Table 2.1.
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Structure 3b is the yellow L1-manganese(II)-dibromide complex from the methanol
fraction, differing from 3a only in the solvent of crystallization within the crystal
structure. It is presented in Figure 2.6 and its pertinent bonds and angles are presented
in Table 2.2.

Figure 2.5 L1-manganese(II) dibromide with THF as the solvent of crystallization

Table 2.1: Bond angles and bond lengths for compound 3a
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Figure 2.6 L1-manganese(II) dibromide with methanol as the solvent of crystallization

Table 2.2: Bond angles and bond lengths for compound 3b

Structure 4 is the L1*-manganese(I)-tricarbonyl compound as shown in Figure 2.7. L1* is
the dearomatized form of L1. This makes complex 4 a six-coordinated complex with a
manganese(1) center, arranged as a distorted octahedral.
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Figure 2.7 L1*-manganese(I)-tricarbonyl

Table 2.3 Bond angles and bond lengths for compound 4

2.2.4 Discussion
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Notably, structures 3a and 3b consist of a manganese center coordinated to L1 and 2
bromine atoms. That is, two equivalents of manganese pentacarbonyl bromide must be
involved in the formation of this molecule and the manganese center must carry a 2+
charge. This structure explains the unusual broadening observed in the NMR spectra.
Structure 4, on the other hand, consists of a manganese center coordinated to three
carbonyls and L1* - the dearomatized form of the ligand. This is also an exciting and
unexpected result. As shown in section 2.1, in the literature, similar Mn(I) coordination
environments readily form ion pairs with released bromide anions. Importantly, this
result highlights the functionality of the N-sidearm of PN3 and PN3P ligands.

2.3 Further Experimentation with Mn(CO)5Br
Because of the unexpected results described in section 2.2, we decided to study the
effects reaction solvents and solvents of crystallization could have on the products of
the reactions. By screening different combinations of reaction and crystallization
solvents, following the method described in section 2.2.1, three new crystal structures
were isolated.
3c was isolated from the liquid portion of the reaction mixture in deuterated
chloroform. This portion was extracted and washed with another aliquot of deuterated
chloroform. It is, once again, the yellow L1-manganese(II)-dibromide complex. In this
iteration, however, the solvent of crystallization is chloroform. After this, the fraction
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was allowed to recrystallize by slow solvent evaporation. The square pyramidal complex
is shown in Figure 2.8.

Figure 2.8 L1-manganese(II) dibromide with chloroform as the solvent of crystallization

Table 2.4 Bond angles and bond lengths of complex 3c
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Complex 5, shown in Figure 2.9 is an interesting, distorted octahedral non-pincer
complex. This complex was isolated from the liquid portion of the reaction run in THF
which was extracted and washed with pentane.

Figure 2.9 L-Mn(I)-tricarbonyl-monobromide, a non-pincer complex

Table 2.5 Bond angles and lengths for complex 5
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Finally, the crystal structure of one of the expected products, complex 1, was isolated
from the solid phase of the reaction mixture in diethyl ether. The solid phase was
washed in methanol and allowed to recrystallize by slow solvent evaporation. Two
crystals appeared in the solution - one yellow and one red. The red crystal proved to be
crystal 1 while the yellow crystal proved to be crystal 3b.

Figure 2.10 L-manganese(I)- dicarbonyl-monobromide
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Table 2.6 Bond angles and bond lengths for compound 1

We next attempted to look at some of the samples that were difficult to dissolve or
recrystallize. We performed CHN elemental analysis under an inert atmosphere on
several samples and from this study, were able to identify with good certainty, one
additional product that we were unable to obtain a crystal for - compound 6. This
compound, shown in figure 2.5, was obtained from the liquid phase of the reaction both
run and recrystallized in toluene.

Figure 2.11 L-manganese(I) monocarbonyl monobromide

2.4 MnBr2 as a Manganese Source
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Since compound 3 was one of the major products of the reaction between L1 and
Mn(CO) 5Br, we decided to investigate whether or not this compound could be produced
starting from the less expensive manganese dibromide salt. This reaction, if successful,
would primarily represent a movement towards a higher atom economy for the
production of compound 3.
2.4.1 Experimental Method
We attempted to duplicate the conditions used in section 2.2.1 changing only the
manganese salt. An airtight NMR tube was charged with 0.03 mmol of manganese
dibromide (0.006 g) and 1 equivalent of L1 (0.010 g, 0.03 mmol) under argon
atmosphere. THF was then added to the NMR tube.
2.4.2 Results and Discussion
Upon the addition of THF, the manganese dibromide - a pink solid - did not appear to
dissolve. The airtight tube was then heated to 66°C and allowed to reflux for 24 hours
but the pink precipitate remained. Furthermore, the liquid phase of the reaction, which
turns pale yellow when the product is formed, remained colorless.
In an attempt to remedy this situation, we tried several different combinations of
solvents and temperatures, monitoring the reactions with NMR to see if we could
resolve the formation of any new peaks. Starting with a high concentration of the
paramagnetic species MnBr2, however, greatly hindered these results.
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This foray did provide one interesting result. Although MnBr2 would not dissolve in
deuterated methanol, the reaction mixture in CD3OD was still heated to 61°C and left to
reflux for 24 hours. During the course of the reaction time, the pink of the MnBr2 started
to disappear and it began to be replaced by a yellow precipitate. We attempted to
isolate this precipitate and recrystallize it in methanol but these attempts were
unsuccessful. From there, we decided to try CHN elemental analysis and we found the
results to be in keeping with compound 3.
Ultimately, only one crystal was produced from this stage – 3d as shown in figure
2.6.This crystal was produced from the reaction of MnBr2 and L1 in DMSO for 24 hours,
at room temperature. After the allotted reaction time, an excess of ether was added to
the reaction mixture and the mixture was allowed to sit undisturbed. In the space of
two weeks, two to three large, rectangular, single crystals had begun to grow.
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Figure 2.12 The dibromide substituted complex with DMSO as the solvent of crystallization

Table 2.7 Bond angles and bond lengths for compound 3d

2.5 MnCl2 as a Manganese Source
To gain a fuller picture of the coordination chemistry between L1 and manganese, we
decided to branch into yet another manganese source; MnCl 2.
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Once more, we duplicated the conditions presented in section 2.2.1 but changed the
manganese source to MnCl 2. MnCl 2 proved to partially dissolve in THF and, upon
addition of L1, we found that a yellow precipitate formed rapidly. The liquid phase was
extracted, washed with THF and allowed to slowly evaporate. Once all of the solvent
evaporated, it became obvious that there was no solid residue in the vial. The solid
phase was extracted, washed with methanol and allowed to sit undisturbed. Within four
hours, yellow crystals had begun to grow. These crystals were analyzed by XRD and
afforded the structure in figure 2.7 - compound 7.

Figure 2.13 L-manganese(II) dichloride
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Table 2.8 Bond angles and bond lengths for compound 7

2.6 General Information
Manipulation of air- and/or moisture-sensitive compounds was carried out inside an
argon glovebox. Dry solvents were procured from commercial sources and further dried
using a solid state solvent purification system under argon. Manganese pentacarbonyl
bromide and manganese bromide were purchased from Strem Chemicals. Manganese
dichloride was purchased from Aldrich. The ligand was prepared according to the
method established in the literature 12.
NMR spectra were recorded on Bruker Advance 400 and Bruker Avance 500
spectrometers. X-ray diffraction data were collected using Bruker D8 VENTURE
diffractometers.
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Chapter 3 – Ester Reduction
3.1 Introduction to Ester Hydrogenation and Reduction
Ester hydrogenation is an essential but challenging industrial transformation that leads
to the generation of alcohols by the activation of molecular hydrogen. Many
pharmaceuticals, agrochemicals, cosmetics, food additives and scents rely on the
processes of ester hydrogenation for their basic building blocks31. Several pincer
systems incorporate ruthenium, cobalt, and iron centers capable of catalyzing the
hydrogenation of esters have been described in the literature but the call for harsh
reaction conditions and high catalyst loadings often still remains32.
To combat the issue of high pressure, high-load reactors, and thereby to make these
reactions more industrially viable, some have suggested reducing esters with the use of
molecular hydride sources outside of hydrogen gas. The main drawback of this
approach, however, is its low atom economy; using a hydride source that is not
hydrogen gas necessitates that some byproducts are generated. The focus of this field
then, is to generate reusable, non-toxic or chemically significant byproducts.
3.1.1 Manganese Complexes in C=O Hydrogenations
Beller’s group reported the first example of an Mn(I)-PNP complex capable of catalyzing
hydrogenation of ketones and aldehydes28-29, 33 and later, reported the first use of
similar complexes in ester hydrogenation34. The group then used isopropanol as a
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hydrogen source in combination with a NNN pincer to afford a ‘operator-friendly’
pathway to ketone transfer hydrogenation35.

Figure 3. 1 Several examples of Bellers work into carbonyl hydrogenation

Milstein reported an Mn(I)-PNN catalyst also capable of ester hydrogenation with good
tolerance of various functional groups36.
Kirchner and coworkers were able to develop the first enantioselective transfer
hydrogenation of ketones by using their chiral, unsymmetrical Mn-PNP complex 37.
Widegren and Clarke’s system may be the most reactive system for the hydrogenation
of esters using H2 gas32. They used a non-symmetrical PNN Mn(I) system with good to
excellent yields at 50-90 degrees and with less than 1 mol% loading. The main drawback

44
of the system, however, is its complicated and expensive ligand that contains a
ferrocene moiety.

Figure 3.2 Examples of carbonyl hydrogenations using manganese catalysts

In the field of non-pincer manganese-based catalysis, Pidko reported a complex
capable of catalyzing the hydrogenation of aliphatic and aromatic esters with low
catalyst loading ( < 1 mol%) and in good to excellent yields38. Sortais’ group used a nonpincer manganese(I) complex to catalyze the transfer hydrogenation of aldehydes and
ketones with isopropanol as the hydrogen source 39. This is perhaps one of the most
industrially promising reactions, requiring only 0.5 mol% catalyst loading. The catalyst
was unable, however, to transform esters.
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Figure 3.3 Examples of carbonyl hydrogenations using bidentate ligands

3.2 Preliminary Survey: Hydrogen Gas as the Hydride Source
To begin our exploration of ester hydrogenation by an Mn(II) catalyst, we first
attempted a high-pressure reaction using hydrogen gas as the hydride source in an
autoclave reactor.
O
O

NaEt3BH (5 mol %), MnLCl2(5 mol%)
(80 Bar)
KOtBu (15 mol %), H2
130°C, 24 hrs, toluene

OH

Figure 3.4 Reaction scheme for ester hydrogenation

3.2.1 Experimental Method
In an argon glove box, three Parr reactors were each charged with 2 ml of toluene, 0.5
mmol of ethyl benzoate and 0.025 mmol of compound 7 and a stir bar. Then, aliquots of
potassium tert-butoxide and sodium triethyl borohydride were added as dictated by the
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trial number. At this point, 2 more ml of toluene were added and the autoclaves were
tightly sealed. Then, the autoclaves were taken out of the glovebox and, using air-free
techniques, the reactors were charged with 1200 psi of H2 gas. Finally, the reactor was
stirred and heated at 130 °C for 24 hours. After the allotted reaction time, the reaction
mixture was analyzed by GC-MS.
3.2.2 Results and Discussion

Table 3.1 Preliminary survey of reaction conditions for the hydrogenation of ethyl benzoate

The conversions of our three first reactions, shown in Table 3.1 , were surprisingly poor
but the products and their respective yields hinted at potential. For one, the formation
of benzyl benzoate may represent a secondary reaction. Specifically, it may represent a
base-catalyzed transesterification of the starting material and the formed benzyl
alcohol. For this reason, we decided to try lowering the mole percent of potassium tertbutoxide used and - working off of the expertise of the lab - we decided to increase the
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mole percent of sodium triethyl borohydride to increase selectivity for the alcoholic
product and in hopes of similarly increasing conversion. The results of these changes are
shown in Table 3.2

Table 3.2 Results of increasing mole percent of sodium triethyl borohydride used

The experiments and results outlined in Table 3.2 led us to believe two things; first, that
the main hydrogen source was not the hydrogen gas as we had expected, but instead it
was the sodium triethyl borohydride and second, that the catalyst does play a role in the
ester hydrogenation process.

3.3 NaEt3BH as a Hydride Source
Based on the results presented in Table 3.2, we shifted our focus from ester
hydrogenation using hydrogen gas and decided to use sodium triethyl borohydride as a
stoichiometric reactant. The following subsections relate to experimentation,
optimization and substrate scope of the reaction presented in Figure 3.2.
O
O

+ 2 NaEt3BH

MnLCl2, KOtBu (10 mol %)
130°C, 24 hrs

Figure 3.5 Reaction scheme for ester reduction

OH

3.3.1 Experimental Method
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A general method for the reaction in figure 3 is presented below.
In an argon glove box, three Schlenk flasks were each charged with 2 ml of toluene, 0.5
mmol of ethyl benzoate and 0.025 mmol of compound 7 and a stir bar. Then, 0.025
mmol of potassium tert-butoxide was added, followed by 0.5 mmol of sodium triethyl
borohydride and 2 more ml of toluene. Then, the flasks were tightly sealed and removed
from the glove box. the autoclaves were taken out of the glovebox and allowed to stir
at 130 °C for 24 hours. After the allotted reaction time, the reaction mixture was
analyzed by GC-MS.
3.3.2 Optimization: Temperature
O
O

+ 2 NaEt3BH

MnLCl2, KOtBu (10 mol %)
Entry 1, 2 or 3, 24 hrs

OH

Table 3.3 Optimizing temerature for ester hydrogenation

We found a marked difference in yield of benzyl alcohol when we ran the reaction at
different temperatures. Specifically, the yield seemed to rise exponentially with the rise
in temperature. These trials also served to prove that compound 7 was stable at
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temperature over 100 degrees as is to be expected with pincer complexes40. Since the
boiling point of the reaction solvent, toluene, is 110 degrees and the reaction was run in
a closed system, even higher temperatures were avoided.
3.3.3 Optimization: Hydride Source
O
O

+ Entry 1, 2 or 3

MnLCl2

(5 mol%), KOt

Bu (10 mol %)
130°C, 24 hrs

OH

Table 3.4 Exploring hydride sources

In Table 3.4, the results using several different hydride sources are presented. While it is
not surprising that NaH did not act as an effective hydride source and indeed, dissolved
poorly in the reaction mixture and seemed to precipitate out, it was somewhat
surprising that NaBH4 was also ineffective. There are several examples in literature of
NaBH4 acting in tandem with protic solvents to catalyze the reduction of esters or acting
alone to catalyze this reaction albeit slowly41-42. This finding may shed some light on the
mechanism by which the reaction proceeds, suggesting that the strong reducing agent
NaEt3BH is necessary both as a hydride source and as reducing agent for the catalyst,
perhaps forming the manganese hydride species somewhere in the catalytic cycle.
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3.3.4 Optimization: Base
O
O

+ 2 NaEt3BH

MnLCl2

(5 mol%), Entry 1, 2, 3 or 4

OH

130°C, 24hrs

Table 3.5 Optimization of base used

As to be expected, the effect the concentration of base has on the reaction relies not on
its equivalence with regards to the substrate but its equivalence with regards to the
catalyst. Two potential roles for the base to play in this reaction have been proposed;
the base could act to deprotonate the N-H spacer of the catalyst as in Milstein’s (2017)
system or it could act to prevent the inhibition of manganese active sites by alkoxide
moieties. In both of these cases, the concentration of base would matter only in the
context of the concentration of the catalyst. Considering that the yield is quite high even
in the absence of the base, we rationalize that the main function of the base in this
reaction is the latter.
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3.3.5 Optimization: Reaction Time and Catalyst Loading
O
O

+ 2 NaEt3BH

(5 mol%), KOt
MnLCl2
Bu (5 mol %)
130°C, Entry 1, 2, 3, 4 or 5

OH

Table 3.6 Optimizing reaction time

In Table 3.6 we present the yields of benzyl alcohol from reactions allowed to run for
different periods of time and found excellent yields even at 12 hours.
With this piece of the reaction optimized, all that was left was to try to decrease
catalysts loading while maintaining a yield of over 99%. In this regard, we were able to
decrease catalyst loading to 1 mol % giving us the reaction presented in figure
O
O

+ 2 NaEt3BH

MnLCl2

(1 mol%), KOt

Bu (1 mol %)
130°C, 12 hrs

Figure 3.6 Optimized reaction conditions for the reduction of ethyl benzoate

OH

3.3.6 Substrate Scope
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With our optimized conditions in hand, we attempted to expand the scope of our
reaction as presented in Table 3.7.

Table 3.7 Substrate scope of ester reduction using compound 7 as a catalyst
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Our modest substrate scope gave us some further insight into the reactivity of our
catalyst. For example, we now know that our complex performs well with benzoate
groups, especially those with donating groups in ortho and para positions. On the other
hand, our catalyst does not perform particularly well with cyclical esters and aliphatic
esters, which are some of the harder species to hydrogenate.
3.4 Different Catalysts

Table 3.8 Results of ester reduction using different catalysts

As shown above, several Mn(II) PN3 complexes were able to catalyze the hydrogenation
of ethyl benzoate with excellent yields. This result is particularly exciting in light of some
of poorer results from the substrate scope. Specifically, this result promises the
versatility of the Mn(II)-PN3 pincer platform; it suggests that, with the backing of
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rational ligand design in altering the donor group substituents or in post-chelation
modifications, this platform can be expanded to achieve high yields and selectivity for
more difficult substrates.

3.5 General Methods
Manipulation of air- and/or moisture-sensitive compounds was carried out inside an
argon glove box. Dry solvents were procured from commercial sources and further dried
using a solid state solvent purification system under argon. GC-MS data was recorded on
an Agilent system using a HP-5MS column.

3.6 Conclusions
Our results are largely in keeping with the literature; Mn(II) species are poor catalysts
for ester hydrogenations. This said, we have been able to show very high yields for
Mn(II) catalyzed reduction of esters through sodium triethyl borohydride.
Our results strongly suggest that the formation of the manganese hydride species is
integral to ester hydrogenation but also, that Mn(II) species are unable to activate
molecular hydrogen making the generation of the manganese hydride species, hard to
achieve.
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