
ABSTRACT 

 

PAULY, LIANA.  Synthesis, Characterization, Catalysis, and Small Molecule Activation with Re 

and Mn Complexes. (Under the direction of Elon A. Ison). 

The focus of this document is two-fold: 1) the development of new Re(I) and Mn(I) 

complexes and the investigation of their reactivity toward catalysis; and 2) the study of isocyanide 

and carbon monoxide insertion reactions into Re(III)-alkyl complexes. 

Chapter 2 focuses on goal 1, where a new family of air-stable Re(I) and Mn(I) complexes 

bearing bidentate NNS (ENENES) ligands with the general formula E(CH2)2NH(CH)2SR (E = 

īNC4H8O or īNC5H10, R = Ph or thiophenyl) is introduced. All Re(I) and Mn(I) complexes were 

catalysts for the hydrogenation of aldehydes. The Mn catalysts were active at milder conditions. A 

rheniumīhydride complex, featuring cis ReīH and NīH moieties was isolated to provide an 

insight into the mechanism for this reaction. DFT (B3PW91-D3) and experimental data suggest 

that there are two pathways for this system, with and without the presence of the base (t-BuOK). 

The pathway that included t-BuOK was lower in energy, providing a greater driving force for the 

overall reaction. Further, the role of t-BuOK, which is frequently used as an additive in many 

catalytic systems, is clarified with experimental and DFT studies. 

Chapter 3 focuses on goal 2, where rhenium(III) complexes of the form 

(CO)Re(DAAm)(R) (DAAm = N1-Mesityl-N2-(2-(mesitylamino)-ethyl)-N2-methylethane-1,2- 

diamine) (R = benzyl; methyl; 4-OMe-benzyl) react with isocyanides R'NC (R' = 2,6- 

dimethylphenyl, tert-butyl) and carbon monoxide to give iminoacyl and acyl complexes, 

respectively. Interestingly, in the isocyanide insertion reactions, the hapticity of the resulting 

iminoacyl complexes depends on the isocyanide and the rhenium complex used. For example, in 

the case of m-xylyl  isocyanide, the experimental and DFT data suggest that the resulting iminoacyl 



complexes can adopt an h1 or h2 binding modes. When tert-butyl isocyanide was employed, h2 

coordination of the iminoacyl complex was exclusively observed. The reaction of the resulting 

iminoacyl complexes with Lewis and Brønsted acids was also investigated, which lead to the 

isolation of Fisher carbenes that may be useful intermediates in reactions such as alkyl abstractions 

and alkane formation. When the acyl complexes reacted in situ with water, organic molecules were 

formed and released, and a new rhenium species was formed, which is believed to be Re(I). 

Furthermore, the sequential insertion of isocyanides and carbon monoxide into Re(III)-alkyl bonds 

was also studied by DFT, where the results suggested that there is a thermodynamic driving force 

to form double inserted iminoacyl complexes; however, the same was not observed in the case of 

carbon monoxide. 
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1.1 Background of this document 

 

1.1.1 Organometallic chemistry 

 

It is undeniable how essential the field of chemistry is to daily life. From providing our 

basic needs of food, shelter, clothing, water, and clean air, to contributing to major challenges such 

as energy usage and health conditions, chemistry is present in everything. Two of the main 

activities of chemistry that allow us to create new materials are synthesis and analysis, and both 

have had considerable progress over the last 150 years.1 Part of this progress was due to the use of 

organometallic reagents in synthesis.1 The field of organometallic chemistry is fascinating as it is 

the interface between organic and inorganic chemistry, where it aims to comprehend the 

interaction between organic molecules and metals.2 For the organometallic chemist, choosing the 

proper metal and ligand that will  work together to accomplish a transformation is a crucial task, as 

both the metal and the ligand dictate a great portion of how the organometallic compound will 

behave chemically. 

Many important industrial processes were achieved due to the application of 

organometallic reagents as catalysts, specifically with transition metals. A few examples of 

industrial catalytic processes are the hydroformylation reaction,3ï8 olefin synthesis,9 olefin 

hydrogenation,10 and CO2 activation.11 The basic definition of a catalyst is a substance that 

increases the rate of a given reaction without being consumed in the process. This allows the 

catalyst to be used in sub-stoichiometric amounts relative to the reagents. A catalytic cycle with 

transition metal catalysts is usually composed of some steps such as oxidative addition, migratory 

insertion, and reductive elimination to form the desired product and regenerate the catalyst. 

Understanding the mechanism of catalytic reactions is essential for the study and investigation of 

each individual step in a catalytic cycle. The acquired knowledge from this type of study can 
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provide critical information for improving the reactivity and/or selectivity of the catalytic system 

with the goal of increasing its efficiency. 

There are often two subdivisions of catalysts: homogeneous and heterogeneous. The 

former occurs when the reactants and the catalyst are in the same phase, usually the liquid phase, 

whereas the latter occurs when the catalyst resides in a different phase from the reagents. This 

present document focuses on homogeneous catalysts, which have some advantages over the 

heterogeneous type, such as rapid rates for the diffusion of heat and reactants in solution. 

One of the roles of chemistry is to find efficient and sustainable ways to produce a variety 

of molecules. For example, the use of a transition metal catalyst with hydrogen gas toward 

hydrogenation of carbonyl compounds is a cleaner and more cost effective approach to make 

alcohols than methods that employ stoichiometric reducing agents such as lithium aluminum 

hydride and sodium borohydride.12ï15 

Various transition metal catalysts have been generated with the purpose of hydrogenating 

carbonyl compounds.12,16ï19,20,21,30ï34,22ï29 Such metal complexes have been developed as the result 

of multiple strategies including the use of cyclometalated and polydentate ligands, and also ligands 

that have an NïH amine or redox functions that work together with the metal center toward the 

activation of the substrate (bifunctional catalysis).35ï44 

The hydrogenation of esters and amides, which are two of the least reactive types of 

carbonyl compounds, is quite challenging and involves the demand for harsh conditions, such as 

high pressures and high temperatures.28 However, some transition metal catalysts have shown 

enough success at low catalyst loadings for this to be an area of research with a growing demand 
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for the development of transition metal complexes able to catalyze the hydrogenation reaction of 

various carbonyl compounds.16,17,45,46 

Another topic of high interest to organometallic chemists is the activation of carbon 

monoxide for the preparation of various organic compounds, such as amines, amides, and alcohols, 

and it can also be used to increase carbon chain lengths.47,48,57ï66,49,67ï71,50ï56 CO is a powerful C1 

building block in industry and academia, with several known reactions such as the Fischer-Tropsch 

process72, Gattermann-Koch formylation73, Monsanto/Cativa process49,69, and Pauson-Khand 

cyclization74,75. The bond between carbon and oxygen atoms in the CO molecule is quite strong, 

which makes this gas relatively inert, therefore transition metals, especially palladium, have been 

used to activate carbon monoxide.76 

The mono-carbonylation of organic substrates catalyzed by transition metals is well 

explored in the literature, double carbonylation is not.77 This may be because metal-acyl 

complexes are thermodynamically stable to form the product of insertion, an a-ketoacyl species. 

As a result, the second CO group usually does not insert into metalïacyl bonds.77 Despite the 

challenge involved in the second insertion of a CO group, double carbonylation reactions catalyzed 

by transition metals may be an alternative to synthesize a-ketoacids, esters, and amides that does 

not involve strong oxidizing agents, such as KMnO2 and SeO2.
77

 

Like CO, insertion reactions with isocyanides can also create new CïC bonds, which have 

attracted interest from organic and organometallic chemists.78 Unlike CO, insertion reactions with 

isocyanides can be more straightforward, which facilitates the study of those reactions. As versatile 

building blocks, isocyanides can react with nucleophiles, electrophiles, and radicals to form 

various imine adducts.79ï82 Therefore, the insertion of unsaturated compounds such as CO and 
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isocyanides into MïC bonds of transition metal complexes is one of the most important types of 

chemical reactions. 

1.2 Scope of this document 

 

The goal of this document is to study the chemistry of Re(I), Mn(I), and Re(III) complexes 

to have a better understanding of their reactivity toward catalysis and small molecule activation. In 

Chapter 2, the use of Re(I) and Mn(I) complexes as catalysts for the hydrogenation of carbonyl 

compounds was investigated. The initial goal of this project was to explore the possibility of the 

complexes shown on Chart 1.1 to perform as catalysts for various carbonyl compounds, such as 

aldehydes, ketones, esters, and amides. Although the Re(I) and Mn(I) complexes of this study were 

only able to catalyze the hydrogenation of aldehydes, a new mechanism for this catalytic reaction 

was discovered and fully  elucidated. This mechanism is based on metal ligand cooperation, where 

the metal and ligand work together to activate and transform the bond of interest in the substrate. 

Usually, it is necessary to use a strong base such as potassium tert-butoxide to activate the catalyst 

and start the catalytic cycle, however, the role of the base beyond this first step was never fully 

explored even though it is used in numerous catalytic hydrogenation reactions of carbonyl 

compounds. Part 1 of this chapter presents the synthesis of novel Re(I) and Mn(I) complexes, their 

full characterization (1H and 13C NMR, elemental analysis, X-ray single crystal), decomposition 

tests, their use as catalysts in the hydrogenation of aldehydes, and a detailed investigation of the 

reaction mechanism with experimental and computational (DFT) techniques. Part 2 presents a full 

elucidation of the role of potassium tert-butoxide in the catalytic cycle, with experiments where 

the metal of the base was replaced by other metals of group 1 (lithium, sodium, and rubidium). 

Those experiments, along with some reaction pathways calculated via DFT provided some 

significant insight into not only the role of potassium tert-butoxide but also the role played by base 
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as it executes its role in this catalytic system. In the last part of Chapter 2, part 3, the origin for 

aldehyde selectivity observed by the Re(I) and Mn(I) complexes introduced in part 1 of this chapter 

was studied, with the help of experimental and computational (DFT) data. 

Chart 1.1 Novel Re(I) and Mn(I) complexes synthesized and tested as catalysts for the 

hydrogenation of carbonyl compounds. 

 

 

 

In Chapter 3 an experimental and computational study of the insertion of isocyanides and 

carbon monoxide into the rhenium-carbon bond of various rhenium(III) complexes is described. 

The synthesis and characterization of the resultant iminoacyl and acyl complexes is presented. The 

free energy calculated (DFT) pathways for those reactions elucidated the mechanism, where the 

insertion of isocyanides and carbon monoxide starts by the coordination of the isocyanide or CO 

ligand to the metal, which is then followed by insertion into the adjacent metalïcarbon bond to 

form the iminoacyl or acyl complex. Interestingly, for both sets of substrates (isocyanides and CO), 

the barrier for the formation of the adduct was usually higher in energy than the insertion into the 

adjacent rhenium-alkyl bond. The reaction of the resulting iminoacyl complexes with Lewis and 

Brønsted acids was also investigated, which lead to the isolation of Fisher carbenes that may be 

useful intermediates in reactions such as alkyl abstractions and alkane formation. The sequential 

insertion of isocyanides and carbon monoxide into Re(III)ïalkyl bonds was studied by DFT, where 
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the results suggested that there is a thermodynamic driving force to form double inserted iminoacyl 

complexes; however, the same was not observed in the case of carbon monoxide. Finally, the 

isocyanide insertion reaction into Re(V)ïalkyl bonds was also investigated computationally, with 

promising results showing relatively low activation barriers and thermodynamically stable Re(V) 

iminoacyl complexes. 
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2.1 Introduction  

 

Hydrogenation is the addition of one molecule of hydrogen to a double or a triple bond of 

organic compounds. This procedure, although simple in theory, is one of the most extensively 

studied reactions of homogeneous catalysis involving metal complexes. Molecular hydrogen is 

usually the source for these reactions, however, hydrogen donors such as alcohol can also be used, a 

process referred to as transfer hydrogen.12 

The first reported example of a hydrogenation reaction was heterogeneous, where James 

 

F. Boyce of the Nathaniel Kellogg Fairbank Soap Company submitted a patent in 1911 entitled 

ñProcess of producing an edible compound,ò in relation to his work on processing vegetable oils.83 

The reported hydrogenation studies that followed, employed heterogeneous nickel catalysts84 and 

numerous noble metal catalysts, including the famous Adamôs catalyst, which was developed by 

Roger Adams in 1922 and it is still extensively used for heterogeneous hydrogenation.85 

Melvin Calvin, from the University of California at Berkeley, was the first to report 

homogeneous hydrogenation back in 1938. The experiment performed was the catalytic reduction 

of 1,4-benzoquinone to 1,4-hydroquinone by copper acetate under one atmosphere of hydrogen in 

quinone solution at 100 °C (Scheme 2.1).86 

Scheme 2.1 First ever reported homogeneous hydrogenation reaction. 
 

 

 

In 1939, M. Iguchi reported the first use of a rhodium complex as a catalyst for 

hydrogenation reactions.12 The kinetics and mechanisms of those reactions were studied in the 
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mid-1950s by Jack Halpern,12 whose group at the University of British Columbia performed the 

first homogeneous hydrogenation of an olefin in 1961 by ruthenium catalysts.87 In the same 

decade, R. J. P. Williams suggested the formation of an M(H)2 species during catalysis, which was 

characterized later in the early 1980s.12 The oxidative addition of H2 is an important step in 

catalytic hydrogenation reactions and the experiment that solidified this step was performed in 

1962 by Vaska where it was found that IrCl(CO)(PPh3)2 forms dihydrides by reacting reversibly 

with elemental hydrogen.88 

The most famous hydrogenation catalyst to date is Wilkinsonôs catalyst (RhCl(PPh3)3), 

which was reported back in 1965 by the Wilkinsonôs group at Imperial College.89,90 The 

Wilkinsonôs catalyst has one or two triphenylphosphine ligands dissociated before entering the 

catalytic cycle, which has the oxidative addition of H2 to the metal center as the first step, then p- 

complexation of the olefin substrate, migratory insertion, and reductive elimination to afford the 

desired product and regenerate the active catalyst (Scheme 2.2). The finding of this catalyst 

inspired the next significant contribution to the field, the first enantioselective hydrogenation. The 

substrates in this case were unsaturated acid and a-substituted styrenes.91 

Scheme 2.2 Catalytic mechanism of the hydrogenation of olefins with molecular hydrogen 

catalyzed by Wilkinsonôs catalyst. 
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The hydrogenation of carbonyl derivatives using molecular hydrogen is one of the most 

fundamental and widely employed catalytic reactions.12 Catalytic methods are more cost-effective 

and cleaner (minimize waste) compared to methods that employ stoichiometric reducing agents 

such as lithium aluminum hydride and sodium borohydride.12,13 

Most metal complexes employed in the catalytic hydrogenation of carbonyl derivatives are 

based on the noble metals ruthenium, iridium, and rhodium.92 Typically, the strategy for transition 

metal homogeneous catalysis involves the substrates bound to the metal center and the subsequent 

transformtion of these substrates into the desired products (Figure 2.1a).13,38 Usually processes 

such as oxidative addition and reductive elimination are required, which relies on the availability 

of stable oxidation states on the metal center, one or two electrons higher. Furthermore, the hydride 

transfer from the metal center to the electrophilic carbon of the carbonyl group is expected to have a 

high activation barrier when the oxygen is bound to the metal due to geometric reasons (Figure 

2.1b).38 

The strategy of metal ligand cooperativity (MLC) has been utilized where both the 

transition metal and the ancillary ligand participate in the activation of the substrate13,17,97ï 

101,27,31,39,44,93ï96. This allows for the use of catalysts that involve transition metals where a two- 

electron redox couple may not be available. 
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Figure 2.1 a) Inner-sphere hydride transfer; b) hydride transfer from the metal to the carbonyl 

carbon; c) outer-sphere hydride transfer. 

In MLC catalysis, the active center consists of a Lewis acidic site (metal center) and a basic 

site (ligand centered) that work together to recognize, activate, and transform the substrate. The 

basic site contains groups like NH and OH, that are coordinating groups, hydrogen bonding 

donors/acceptors, and/or proton sources. According to the position of the basic site relative to the 

metal center, MLC catalysts can be classified into three categories: a-, b-, and g- protic (Scheme 

2.3).94 The a-protic type, also called Noyori-type due to his contribution to the field,13,39,102 occurs 

when the cooperating basic site binds directly to the metal. The Ru-PNP pincer complexes 

introduced by Beller and co-workers are an example of an a-protic MLC catalyst, which is efficient 

in the dehydrogenation of ethanol.103 

In the b-protic systems, the NH/OH groups are not directly bonded to the metal. Shvoôs 

catalyst, for example, is able to dehydrogenate secondary alcohols to the corresponding ketones by 

a concerted migration of hydride and proton to the metal and ligand, respectively.104 Finally, the g-

protic type MLC occurs when the aromatic ligand undergoes aromatization/dearomatization to 

assist in the catalysis, instead of operating via protonation/deprotonation like the a- and b- protic 

types.94 The PNP- and PNN-type ruthenium pincer complexes introduced by Milstein make use of 

the g-protic MLC type reactions to produce imines, amides, esters, and acetals from the 

dehydrogenation of alcohols.99,105ï107 The dearomatization-rearomatization of the central pyridine 
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caused by the acidic side arms C-H or N-H in these catalysts was also shown to be effective 

towards hydrogenating difficult  substrates such as esters and amides.44,93,95,108 However, recent 

studies suggest that the active catalyst in those cases follow a Noyori-type mechanism instead of 

dearomatization-rearomatization.109 

Scheme 2.3 Different types of MLC catalysts. 

 

Results12,16ï19 for the hydrogenation of difficult substrates such as esters and amides are 

promising for some catalytic systems that employ this strategy. However, it is important to explore 

other systems with different transition metals. 

Transition metal complexes in group 7 such as rhenium and manganese have not been as 

popular as catalysts for the hydrogenation of carbonyl compounds.110 However, in the case of 

manganese, there has been intense research since 2016, and this field has been evolving rapidly 
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with several promising ligand systems to date.20,21,30ï34,22ï29 

Chart 2.1 presents some examples of rhenium and manganese complexes that have been 

shown to be catalysts in homogeneous hydrogenation reactions. The PN(H)P nitrosyl rhenium 

complex I was reported to have low activity for the reduction of acetophenone and 

cyclohexanone.111 Also in 2007, the Berke group reported that complex II is catalytically active 

for the hydrogenation of olefins, imines, and ketones.112 Complex III was reported by the same 

group as an active catalyst for transfer hydrogenation reactions of ketones and imines in 2- 

propanol, which acted as the solvent and the H2 source.96 The Beller and Kempe groups reported 

in 2016 two Mn pincer complexes able to hydrogenate carbonyls efficiently (complexes IV and 

V).113,114 In 2017, the Sortais group reported the first example of hydrogenation of carbonyls 

catalyzed by a rhenium complex that presented high efficiency with a broad substrate scope 

(complex VI ).115 The same group reported in 2018 a rhenium complex (VII ) bearing an N-H 

moiety that proved to be efficient in the hydrogenation of ketones116, and in 2019, they reported an 

efficient Mn(I) pre-catalyst for ketone hydrogenation (complex VIII ).98 In 2021, a highly efficient 

Mn(I)-CNP pre-catalyst for the hydrogenation of ketones, imines, aldehydes, and formate esters 

was reported (complex IX ).20 
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Chart  2.1 Reported examples of Re and Mn catalysts for the hydrogenation of carbonyls. 

 

The work in this chapter was inspired by a report by the Gordon group in 2015 about a new 

class of NNS ligands101 (ENENES). In that report, several ENENES ligands and the corresponding 

ruthenium and iridium complexes were synthesized and used as catalysts for homogeneous 

hydrogenation of carbonyl compounds (Chart 2.2a). This report inspired us to synthesize ENENES 

Re and Mn complexes. Unexpectedly, the sulfur arm was not coordinated to the metal center (Chart 

2.2d), unlike a similar series of complexes reported by Srimani117 (Chart 2.2b). In work reported by 

the Pidko group (Chart 2.2c)20 the high activity for the catalytic hydrogenation of carbonyl 

compounds was proposed to be the result of the very unique phosphine hemilability of the ligand, 

which results in an unusual pathway for known Mn complexes where the loss of a CO ligand was 
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not needed to form the hydride complex in the active catalyst (Scheme 2.4). In the work reported in 

this current chapter, since the sulfur arm is not coordinated to the metal center, we hypothesized that 

this feature can also facilitate a similar mechanism to that proposed by Pidko, since it will very 

likely not be necessary to lose a CO ligand. 

Chart 2.2 Selected examples of ENENES complexes (a and b), Mn(I) precatalysts with a labile 

phosphine arm (c), and the complexes used in this work (d). 

 

Scheme 2.4 Synthesis of the manganese-hydride complex reported by Pidko.20 
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Herein we introduce a new family of Re and Mn complexes bearing bidentate ENENES 

ligands of the general formula E(CH2)2NH(CH)2SR, where E is selected from -NC4H8O or - 

NC5H10 and R is Ph or part of a thiophenyl fragment. Reactions of the ENENES ligands with 

Re(CO)5Cl and Mn(CO)5Br are described, along with crystallographic studies of these new 

complexes. DFT (B3PW91-D3) and experimental data were collected to study the possible 

mechanism for the hydrogenation of carbonyl compounds. Together these results provide new 

insights for pathways for catalytic systems that utilize MLC as a strategy for the activation of small 

molecules. In addition, the role of potassium tert-butoxide, (t-BuOK), which is used as an additive 

in many catalytic systems has been clarified. 

2.2 Results and Discussion 

Part I  

2.2.1 Synthesis and Characterization of ENENES Ligands 

 

As described above, homogeneous hydrogenation catalysis has been extensively studied 

with transition metals from groups 8-10 and, in recent years, with manganese complexes bearing 

pincer PNP ligands. To obtain unprecedented catalytic transformations, it is necessary to rationally 

design new transition metal complexes with novel ligands bearing tunable functions. With this 

goal in mind, we prepared ENENES ligands in our laboratory for the first time. These ligands are 

air-stable, their starting materials are readily available, and the preparation is a simple synthetic 

procedure. Also, instead of a phosphine ligand, they feature thiophene, which does not undergo 

oxidation as easily, making the potential catalysts more robust. Scheme 2.5 shows the synthesis of 

the two ENENES ligands with the general formula E(CH2)2NHCH2C5H5S used in this study, where 

E is selected from -NC5H10, or -NC4H8O. They were synthesized under the same conditions, 
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isolated as yellow to brown liquids, and characterized by 1H and 13C NMR spectroscopy, and LC- 

MS. 

Scheme 2.5 Synthesis of the ENENES ligands. 
 

 

 

 

 

 

 

 

 

 

2.2.2 Synthesis and Crystallographic Studies of Well-Defined Rhenium and Manganese 

Complexes of ENENES 

The reaction of piperidine and morpholine ENENES derivatives with Re and Mn 

complexes of the general formula M(CO)5X (M = Re, Mn; X = Cl, Br) was investigated to examine 

their reactivity as catalysts for the hydrogenation of carbonyl derivatives. A summary of these 

reactions is presented in Scheme 2.6. Treatment of the Re(I) and Mn(I) precursors with the 

ENENES ligands in benzene at 80 °C (16 h) afforded isostructural k2[N,Nô]-bidentate cis- 

[M IX{k2(N,Nô)-ENENES}(CO)3] (M = Re, Mn; X = Cl, Br) complexes Re-2a (white solid, 

isolated yield 92%), Re-2b (off-white solid, isolated yield 86%), Mn-2a (yellow solid, isolated 

yield 41%), Mn-2b (yellow solid, isolated yield 68%), and Re-3b (off -white solid, isolated yield 

90%), respectively. Complexes Re-2a, Re-2b, Mn-2a, Mn-2b, and Re-3b are air-stable and were 

characterized by NMR (1H, 13C) spectroscopy, elemental analysis, and X-ray structural analysis. 
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Scheme 2.6 Reaction of ENENES ligands with M(CO)5X (M = Re, Mn; X = Cl, Br) to produce 

precatalysts for hydrogenation of carbonyl derivatives. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

X-ray quality crystal structures were obtained by vapor diffusion of hexane into 

concentrated solutions of Re-2a, Mn-2a, and Re-3b in chloroform. The crystal structures (Figures 

2.2-2.4) of these complexes closely resemble each other ï the sulfur arm is not coordinated to the 

metal center and the three carbonyl groups are cis to each other, featuring a facial (fac) arrangement 

with an octahedral metal center. 
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Figure 2.2 X-ray crystal structure for Re-2a. Ellipsoids are at 50% probability level. Hydrogen 

atoms (except NH) are omitted for clarity. Selected bond lengths (Å) and angles (o): Re1-Cl1, 

2.497(6); Re1-N1, 2.239(3); Re1-N2, 2.309(3); Re1-C14, 1.910(4); Re1-C15, 1.921(4); Re1- 

C16A, 1.856(14); O1-C14, 1.152(5); O2-C15, 1.143(5); O3A-C16A, 1.161(15); C16A-Re1-C14, 

 

89.2(5); C16A-Re1-C15, 89.0(5); C14-Re1-C15, 87.09(16); C16A-Re1-N1, 93.8(3); C15-Re1- 

 

N1, 179.11(15); C16A-Re1-N2, 95.3(2); C15-Re1-N2, 99.67(14); C16-Re1-Cl1A, 177.5(2); C15- 

 

Re1-Cl1A, 94.36(14); N2-Re1-Cl1A, 87.14(10); C14-Re1-Cl1A, 91.21(17); N1-Re1-Cl1A, 

 

85.41(15). 

 

Figure 2.3 Preliminary X-ray crystal structure for Mn-2a. Hydrogen atoms (except NH) are 

omitted for clarity. 
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Figure 2.4 X-ray crystal structure for Re-3b. Ellipsoids are at 50% probability level. Hydrogen 

Atoms (except NH) are omitted for clarity. Selected bond lengths (Å) and angles (o): Re1-Cl1, 

2.4736(7); Re1-N1, 2.316(3); Re1-N2, 2.224(3); Re1-C15, 1.918(3); Re1-C16, 1.913(3); Re1-

C17, 1.901(3); O2-C15, 1.150(4); O3-C16, 1.157(4); O4-C17, 1.161(4); C17-Re1-C15, 89.09(13); 

C16-Re1-C17, 88.46(13); C15-Re1-C16, 86.72(13); N2-Re1-C17, 93.16(12); N2-Re1-C16, 

177.90(11); N1-Re1-C17, 93.22(11); N1-Re1-C16, 99.50(11); Cl1-Re1-C17, 174.60(9); Cl1-Re1-

C16, 96.79(9); Cl1-Re1-N1, 84.68(7); Cl1-Re1-C15, 92.46(10); Cl1-Re1-N2, 81.56(7). 

2.2.3 Thermal Stability  of the ENENES Complexes 

 

Decomposition tests were performed on the new ENENES complexes. These tests 

consisted of heating NMR samples in oil baths at temperatures of 40 °C, 60 °C, 80 °C, 100 °C, 

and 120 °C for 16 hours. As shown in Figure 2.5, Re-2b did not decompose at 120 °C. Both 

manganese complexes decomposed at 40 °C, which suggests that any catalysis with these 

complexes would have to be performed at lower temperatures (40 °C or below) (Chart 2.3). 

Complexes Re-2b, Re-2a and Re-3b did not decompose at 120 °C (Chart 2.3). 
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Figure 2.5 1H NMR spectra of Re-2b in toluene-d8 at a) 25 °C and b) 120 °C. 

Chart  2.3 Thermal stability of the ENENES complexes. 

 

 

 

 

2.2.4 Hydrogenation Activity  of the ENENES Complexes 

 

The catalytic hydrogenation of benzaldehyde with the ENENES complexes was examined 

in THF to find the most active catalyst and the optimal conditions for the hydrogenation reaction. 

The results presented in Table 2.1 indicate that complex Mn-2b was effective as a catalyst for the 

hydrogenation of benzaldehyde at 50 bar of H2 more efficiently than the other ENENES complexes 

investigated (entry 4). Catalyst Re-2b had similar results, however, it required a slightly higher 
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temperature than 25 °C (entry 2). High yields were also observed when the pressure of H2 was 

decreased to 40 bar (entry 5), however, yields decreased significantly when the pressure was 

decreased to 30 and 20 bar (entries 6 and 7, respectively). Other solvents such as acetonitrile, 

diethyl ether, and 1,4-dioxane were tested with catalyst Mn-2b but they did not perform as well as 

THF (Table 2.2). The base potassium tert-butoxide, t-BuOK, was necessary as a cocatalyst. 

Reactions with ten equivalents of t-BuOK (entry 5) were more efficient than reactions performed 

with two (entry 8) and five (entry 9) equivalents respectively with respect to Mn-2b. Thus, entry 5 

represents the optimal conditions for the hydrogenation reactions with Mn-2b, i.e., 0.5 mol%, 5 

mol% of t-BuOK at 40 bar H2 pressure and 25 °C. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



24  

Table 2.1 Hydrogenation of benzaldehyde with several rhenium and manganese catalysts. 

 

Entry  Catalyst Cat. Loading 

(mol%) 

Base 

Loading 

(mol%) 

Pressure 

(bar) 

Temp. 

(oC) 

NMR 

 

Yield (%) 

1 Re-2a 0.5 5 50 40 87 

2 Re-2b 0.5 5 50 40 95 

3 Mn-2a 0.5 5 50 25 81 

4 Mn-2b 0.5 5 50 25 95 

5 Mn-2b 0.5 5 40 25 95 

6 Mn-2b 0.5 5 30 25 80 

7 Mn-2b 0.5 5 20 25 24 

8 Mn-2b 0.5 1 40 25 NDa 

9 Mn-2b 0.5 2.5 40 25 20 

10 Re-2b 0.5 5 50 25 57 

11 Re-3b 0.5 5 50 50 66 

12 Re-2b 0.5 5 50 50 >99 

13b Re-2b 0.1 1 50 100 16 

aND = Not detected; bReaction was conducted in toluene. 
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Table 2.2 Screening of solvents for the hydrogenation of benzaldehyde with Mn-2b as catalyst. 

 

Entry  Solvent NMR Yield (%) 

1 Diethyl ether 2 

2 Acetonitrile ND 

3 THF 3 

4 1,4-Dioxane NDa 

 
aND = not detected 

 

2.2.5 Substrate Scope 

 

Finally, the optimal conditions (entry 5, Table 2.1) were selected to examine the versatility of 

this system. As shown in Table 2.3, entries 4a-4e achieved high yields under these conditions, 

showing that this system is selective towards aliphatic aldehydes and aromatic aldehydes with 

electron-withdrawing groups in the para position. Moderate-low yields were obtained for the other 

aldehydes 4f-4i, where there were some steric hindrance and a weak electron-withdrawing group 

on the aryl aldehyde. A competitive experiment was also performed where aldehyde and 

acetophenone were present in the same reaction vessel. Under these conditions acetophenone was 

not hydrogenated suggesting that this system is selective for aldehydes over ketones. 
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Table 2.3 Hydrogenation of aldehydes with catalyst Mn-2b. Yield values are in triplicate and 

calculated by 1H NMR spectroscopy. 

 

2.2.6 Mechanistic Investigation 

 

In catalysis, complexes that have functional groups in the ligand that assist in the activation 

of the substrates are typically referred to as bifunctional catalysts.118 With these catalysts, the usual 

approach to activate the pre-catalyst is to use an excess of a strong base such as t-BuOK followed 

by the addition of H2 at high pressure to form the catalytically active metal hydride intermediate, 

in situ.12,20,118ï124,21ï23,25ï27,33,100 This hydride intermediate would then be able to hydrogenate the 

substrate. The rhenium hydride complex Re-5b (Scheme 2.7) was successfully synthesized in 78% 

yield. The crystal structure for Re-5b is shown in Figure 2.6 and demonstrates that the chloride 

ligand has been replaced by the hydride ligand and the facial arrangement of the carbonyl ligands 

has been maintained. The HReNH core of this complex resembles others that have been used as 

bifunctional catalysts previously in the literature, such as those reported by Choualen et al111 and 
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the Sortais group.116 The latter complex contrasts with Re-5b since the hydride in the ReïH bond 

and the proton in NïH bond are anti to each other, and it has been reported to most likely not be 

the active catalyst.116 

Scheme 2.7 Synthesis of complex Re-5b from complex Re-2b. 

 

 

 

Figure 2.6 X-ray structure for Re-5b. Ellipsoids are at 50% probability level. Hydrogen atoms 

(except NH and ReH) are omitted for clarity. Selected bond lengths (Å) and angles (o): Re101-H2, 

1.746(10); Re101-N101, 2.238(6); Re101-N102, 2.293(7); Re101-C113, 1.899(8); Re101-C114, 

1.949(6); Re101-C115, 1.922(8); O102-C115, 1.147(10); O103-C114, 1.147(8); O104-C113, 

1.174(10); C113-Re101-C114, 89.7(3); C113-Re1-C115, 86.4(3); C114-Re1-C115, 88.2(3); 

N101-Re101-N102, 79.5(2); N101-Re101-C113, 91.7(3); N102-Re101-C113, 169.4(3); N101- 

Re101-C114, 94.4(3); N102-Re101-C114, 96.8(3); N101-Re101-C115, 176.7(3); N102-Re101- 

C115, 102.1(3); N101-Re101-H2, 86.6(16); N102-Re101-H2, 83(3); C113-Re101-H2, 91(3); 

C114-Re101-H2, 178.74(10); C115-Re101-H2, 90.7(17). 
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To test the participation of Re-5b in the reaction, the stoichiometric reaction of Re-5b with 

benzaldehyde was performed. The addition of one equivalent of benzaldehyde to Re-5b readily 

formed the new rhenium species Re-6b (Scheme 2.8). Compound Re-6b could not be isolated but 

the 1H NMR spectrum (Figure 2.7) exhibited two doublets in the characteristic region for the 

methylene of the benzyl alcohol, indicating that the two protons are now at different chemical 

environments. This piece of evidence along with COSY (Figure 2.8), HSQC (Figure 2.9), and 

HMBC (Figure 2.10) spectra helped us to tentatively assign compound Re-6b as illustrated in 

Scheme 2.8. 

Scheme 2.8 Reaction of complex Re-5b with one equivalent of benzaldehyde in toluene-d8. 

 

Figure 2.7 1H NMR spectrum of the methylene region of the benzyl alcohol in Re-6b.
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Figure 2.8 COSY {1H, 1H} NMR (600 MHz, toluene-d8) spectrum for Re-6b.
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Figure 2.9 HSQC { 1H, 13C} NMR (600 MHz, toluene-d8) spectra of Re-6b.
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Figure 2.10 HMBC { 1H, 13C} NMR (600 MHz, toluene-d8) spectrum of Re-6b. 

Surprisingly, when complex Re-5b was used as a catalyst, the yield of the hydrogenation 

reaction of benzaldehyde significantly improved in the presence of t-BuOK (Table 2.4 and Figure 

2.11). This finding suggests that t-BuOK is part of the catalytic cycle. To test this hypothesis, two 

experiments were run: 1) the catalytic hydrogenation of benzaldehyde with Re-2b using only one 

equivalent of t-BuOK in relation to rhenium; and 2) the stoichiometric reaction of Re-5b with 

benzaldehyde in the presence of a stoichiometric amount of t-BuOK. Experiment 1 (Figure 2.12) 

revealed that without an excess amount of t-BuOK, benzaldehyde could not be converted to benzyl 

alcohol. The stochiometric reaction with benzaldehyde and base (experiment 2, Figure 2.13a) 

resulted in a singlet in the 1H NMR spectrum in the methylene region, characteristic of benzyl 
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alcohol. This contrasts with the stoichiometric reaction in the absence of t-BuOK (Figure 2.13b). 

Together, these two experiments show that the base t-BuOK is a part of the catalytic cycle. 

Specifically, results suggest that t-BuOK assists in the release of the product benzyl alcohol, since 

the stoichiometric reaction of Re-5b with benzaldehyde in the absence of base led to the formation 

of Re-6b. 

Table 2.4 Hydrogenation of benzaldehyde using the hydride complex Re-5b as catalyst. 
 

 

 

 

 

 

 

 

 

Entry  Catalyst Loading 

(mol%) 

Additive Loading 

(mol%) 

NMR 

 

yield (%) 

1 5 50 >99 

2 5 - 7 

3 1 10 98 

4 1 - 1 

5 0.5 5 89 

6 0.5 - 2 
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Figure 2.11 Time profile for hydrogenation of benzaldehyde. Conditions: [Re-5b] = 0.0045 mmol; 

[t-BuOK] = 0.0045 mmol (1.0 mol %), 0.0225 mmol (2.5 mol %), and 0.045 mmol (5.0 mol %); 

[benzaldehyde] = 0.9 mmol at 25 °C. H2 pressure = 50 bar. Conversions determined by 1H NMR 

spectroscopy by integrating the ratio of the methylene peak in the alcohol product and the aldehyde 

peak of the substrate. 
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Figure 2.12 1H NMR spectrum of the catalytic hydrogenation of benzaldehyde with Re-2b and 

one equivalent of t-BuOK. 
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Figure 2.13 1H NMR spectra of the stoichiometric reactions of Re-5b with benzaldehyde with (a) 

and without (b) t-BuOK. 

Based on these experimental results, a possible reaction mechanism was proposed for the 

homogeneous hydrogenation of aldehydes catalyzed by the ENENES complexes of rhenium and 

manganese introduced in this study. The ligand backbone in the pre-catalyst, in the presence of the 

base t-BuOK, is likely deprotonated to form A (Scheme 2.9). Once formed in situ, A splits 

dihydrogen heterolytically by metal ligand cooperation, generating the hydride complex B. Two 

pathways are proposed for the reaction of B with the carbonyl substrate. In path I, the introduction 

of benzaldehyde forms the alkoxide intermediate complex C, which then will go through a 

transition state to transfer the hydride from the metal center to the electrophilic carbon on the 

aldehyde and the proton from the NïH bond to the nucleophilic oxygen of benzaldehyde. The 

dissociation of the product regenerates A. In path II, t-BuOK initially  interacts with benzaldehyde 
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to form an adduct that reacts with B to form D. Product is released from D to regenerate A and t- 

BuOK. 

Scheme 2.9 Proposed reaction mechanism for the ENENES Re and Mn-catalyzed hydrogenation 

of aldehydes to alcohols. 

 

 

 

2.2.7 DFT studies 

 

To examine these pathways, DFT (B3PW91-D3) calculations were employed. Figures 2.14 

and 2.15 show the calculated pathways for Re-2a in toluene and tetrahydrofuran, respectively. The 

calculated free energy pathway is consistent with the experimental results and shows that TS1, i.e., 

the heterolytic splitting of the dihydrogen molecule, is the turn-over limiting step (26.7 (toluene) 

and 27.3 (tetrahydrofuran) kcal/mol). This step produces B which then reacts with benzaldehyde 
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in a stepwise way. First, the transfer of the hydride from rhenium to the electrophilic carbon of 

benzaldehyde happens through TS2 (4.7 (toluene) and 6.4 (tetrahydrofuran) kcal/mol), then the 

transfer of the proton from the backbone ligand to the oxygen of benzaldehyde happens through 

TS4 (-3.7 (toluene) and 5.5 (tetrahydrofuran) kcal/mol). This last step regenerates the active 

catalyst and forms the desired product, benzyl alcohol (Int -5, -5.0 (toluene) and -3.5 

(tetrahydrofuran) kcal/mol). 

In path II, B interacts with an adduct of benzaldehyde and t-BuOK to generate Int -2 (-1.7 

(toluene) and 4.6 (tetrahydrofuran) kcal/mol). This intermediate goes through a transition state 

TS3 (2.2 (toluene) and 8.8 (tetrahydrofuran) kcal/mol) to form D (-1.8 (toluene) and 4.5 

(tetrahydrofuran) kcal/mol). The following transition state TS5 (-5.1 (toluene) and 1.7 

(tetrahydrofuran) kcal/mol) serves to transfer the proton from the ligand backbone to the oxygen 

on benzaldehyde, forming the desired product benzyl alcohol and regenerating the active catalyst 

(Int -6, -34.6 (toluene) and -26.9 (tetrahydrofuran) kcal/mol). The major difference between the 

two pathways is the driving force for the overall reaction. In path II, the overall reaction is 

significantly more downhill (-34.6 (toluene) and -26.9 (tetrahydrofuran) kcal/mol) than path I (- 

5.0 (toluene) and -3.5 (tetrahydrofuran) kcal/mol). 
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Figure 2.14 Calculated (B3PW91-D3) free energy pathways for the hydrogenation of 

benzaldehyde catalyzed by Re-2a with (black) and without (red) t-BuOK. Solvation energies are 

reported using the PCM solvation model in toluene. 

 

 

Figure 2.15 Calculated (B3PW91-D3) free energy pathways for the hydrogenation of 

benzaldehyde catalyzed by Re-2a with (black) and without (red) t-BuOK. Solvation energies are 

reported using the PCM solvation model in tetrahydrofuran. 
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2.2.8 Alternative Pathways with  t-BuOK 

 

Besides the pathways presented in Figures 2.14 and 2.15, some additional pathways were 

calculated to consider other routes for the mechanism of this catalytic system. In Figure 2.16, the 

first two transition states (TS1 and TS3) are the same as pathway II shown previously. However, 

after D is formed, the TS6 (4.4 (tetrahydrofuran) and -1.7 (toluene) kcal/mol) transfers the 

hydrogen from the ligand backbone to the oxygen of the base, and then in the last transition state 

TS7 (5.3 (tetrahydrofuran) and -5.1 (toluene) kcal/mol) the same hydrogen is transferred to 

benzaldehyde, where the desired product benzyl alcohol is formed, and the active catalyst is 

regenerated (Int -9, -21.9 (tetrahydrofuran) and -28.8 (toluene) kcal/mol). This pathway III was 

disregarded because the final product was not as thermodynamically favorable as it was on 

pathway II, regardless of the polarity of the solvent. 

 

 

Figure 2.16 Pathway III calculated (B3PW91-D3) for the hydrogenation of benzaldehyde 

catalyzed by Re-2a with t-BuOK. Solvation energies are reported using the PCM solvation model 

in tetrahydrofuran (blue) and toluene (red). 
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Pathway IV shown on Figure 2.17 considers the possibility of the dihydrogen molecule 

being activated by both rhenium active catalyst and base t-BuOK. The activation barrier (TS8) is 

relatively high (30.6 kcal/mol) in comparison to pathway II, regardless of the polarity of the 

solvent, and for this reason we can disregard pathway IV. 

 

 

Figure 2.17 Pathway IV calculated (B3PW91-D3) for the hydrogenation of benzaldehyde 

catalyzed by Re-2a with t-BuOK. Solvation energies are reported using the PCM solvation model 

in tetrahydrofuran (blue) and toluene (red). 

In Figure 2.18, pathway V shows an alternative path for the formation of the alkoxide 

rhenium complex presented previously in pathway II. The difference here is that at first, 

benzaldehyde coordinated to rhenium via the oxygen atom (Int -13, 29.4 (tetrahydrofuran) and 

28.1 (toluene) kcal/mol), and then the hydride is transferred from the metal center to the same 

oxygen to form the alkoxide complex (Int -3) in transition state TS10 (30.4 (tetrahydrofuran) and 

29.1 (toluene) kcal/mol). This pathway is higher in energy for the formation of Int -3, therefore it 

was disregarded. 
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Figure 2.18 Pathway V calculated (B3PW91-D3) for the formation of the alkoxide intermediate 

Int -3. Solvation energies are reported using the PCM solvation model in tetrahydrofuran (blue) 

and toluene (red). 

Two other alternative pathways were considered where instead of following a stepwise 

mechanism, a concerted mechanism was followed with both the hydride and the proton being 

transferred to benzaldehyde at the same time to form the desired product, benzyl alcohol. Figure 

2.19 shows the concerted pathway without base and Figure 2.20 shows the concerted pathway in 

the presence of t-BuOK. The transition states where the transfer of hydride and proton occur are 

low in energy in both cases (TS11 and TS12). The pathway without base, however, does not have 

the formation of the alkoxide intermediate Int -3, and since that structure was shown to be formed 

in situ, this pathway cannot be considered the correct one. In the case of the concerted pathway 
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with base, the final product is not as thermodynamically stable as what we observed in the stepwise 

pathway of path II regardless of the solvent, therefore we can also disregard this alternative. 

 

 

Figure 2.19 Concerted pathway calculated (B3PW91-D3) for the hydrogenation of benzaldehyde 

catalyzed by Re-2a. Solvation energies are reported using the PCM solvation model in 

tetrahydrofuran (blue) and toluene (red). 
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Figure 2.20 Concerted pathway calculated (B3PW91-D3) for the hydrogenation of benzaldehyde 

catalyzed by Re-2a with t-BuOK. Solvation energies are reported using the PCM solvation model 

in tetrahydrofuran (blue) and toluene (red). 

Part II  

 

2.2.9 Investigating the role of t-BuOK 

 

In Part I of this chapter, it was shown that the difference between pathways with and without 

the base t-BuOK, lies in the thermodynamic stability of the final product. In this section, the role 

of t-BuOK in this catalytic system is investigated. The last step of the free energy pathway II will 

be the focus of these studies since a big difference in energy was calculated for Int -6 compared to 

Int -4 (Figures 2.14-2.15). The primary hypothesis for this difference in energy is that the presence 

of the base t-BuOK stabilizes the desired products. 
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To examine the role played by the group 1 counterion, potassium was replaced with other 

alkali metals such as sodium and lithium. Reactions were repeated with sodium and lithium tert- 

butoxide under the optimized catalytic conditions (Table 2.5). Results indicate that there is a clear 

decrease in the yield of benzyl alcohol when t-BuOK was replaced with other group 1 tert-butoxide 

salts. 

Table 2.5 Comparison of catalytic results using different bases. 
 

 

 

 

Entry  Base Yield (%) 

1 t-BuOK 94 

2 t-BuONa 11 

3 t-BuOLi 4 

 

 

DFT calculations were used to provide insight into the impact of different alkali metals on 

catalytic reactivity. Calculations also included t-BuORb, to provide a full  picture of the impact of 

salts in this group. In Figure 2.21, the critical step where the NïH proton on the chelating ligand is 

transferred to the bound phenoxide in the presence of the group 1 metal alkoxide is shown. The 

addition of t-BuOM (M = lithium, sodium, potassium and rubidium) results in an intermediate that 

is stabilized to a much lesser extent in the presence of the potassium base, Int -4, (0.4 kcal/mol) 

compared to the corresponding intermediates with sodium, Int -19, (-19.4 kcal/mol), lithium, Int - 
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20, (-27.0 kcal/mol) and rubidium, Int -21, (-32.4 kcal/mol). This results in a significantly lower 

energy barrier (1.3 kcal/mol) for the transformation of Int -4 to product, Int -6, (-26.9 kcal/mol). 

Comparatively, calculated activation energies for intermediates with sodium, lithium, and 

rubidium were 20.6, 28.2, and 13.1 kcal/mol, respectively. The calculated energies of the final 

products Int -6, Int -22, Int -23, and Int -24, were -26.9, -24.4, -26.6, and -49.2 kcal/mol. Since final 

energies are similar (< 3 kcal/mol) for Int -6, Int -22 and Int -23, these data suggest that the 

observed differences in reactivity are kinetic rather than thermodynamic. 

 

 

Figure 2.21 Free energy pathway calculated (B3PW91-D3) for the hydrogenation of benzaldehyde 

catalyzed by Re-2a with t-BuOX (X = Li  (green), Na (blue), K (red), Rb (pink)). Solvation energies 

are reported using the PCM solvation model in tetrahydrofuran. 

Chart 2.4 and Figure 2.22 provide some insight into the structures of intermediates Int -4, 

Int -19, Int -20, and Int -21 and their corresponding transition states. Except for Int -4, transfer of 
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the NïH proton on the chelating ligand to the bound phenyl methoxy ligand in the presence of the 

group 1 metal alkoxide results in transition states that are early, i.e. resemble the reactants in that 

the NïH bond of the ligand and the ReïOBn bond remains intact. In contrast, the transition state 

associated with Int -4, TS5, resembles the product in that the ReïOBn, and NïH bond in the ligand 

are cleaved and there is now an OïH bond between the phenyl methoxy group and the proton 

originally attached to the amine nitrogen in the ligand. In addition, the OH group in TS5 is 

positioned closer to the base, like Int -6, and the distance between potassium and the thiophene 

ring decreases from 3.33 Å (Int -4) to 3.22 Å (TS5) and finally to 3.12 Å (Int -6). This suggests 

that potassium, in this case, may remove electron density from the thiophene ring, and increase the 

acidity of the NïH group on the ligand, thus allowing for facile transfer of this proton to the phenyl 

methoxy group and the generation of the desired product. As shown in Figure 2.23, the Mulliken 

atomic charges show that the N-H proton (now cleaved) in Int -4 is slightly more electropositive 

than the same proton in Int -19, Int -20, and Int -21, probably indicating that prior to being cleaved, 

there was a higher degree of acidity on the N-H group of Int -4. Therefore, the transfer of the 

hydrogen atom to the oxygen on the phenyl methoxy group happens more easily in the case of Int - 

4. Except for Int -4 and Int -6, all the other minima structures seem to show a bond between the 

group 1 metal cation and the oxygen atom on the phenyl methoxy group, which may explain why 

lithium, sodium, and rubidium are not able to interact with the thiophene ring enough to have an 

impact on the acidity of the N-H group on the backbone ligand. In order to model the interaction 

with the thiophene ring and the group 1 cation, a simplified version of the ENENES ligand was 

used where substituents on the amine nitrogen were the thiophene ring side arm and a methyl 

group. When this model ligand was optimized with the different bases t-BuOX (X = Li, Na, K, 

and Rb), lithium and sodium seemed to have stronger interactions with the thiophene arm than 
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potassium and rubidium. However, strong association with the oxygen of the phenyl methoxy 

group with these cations prevents association with the thiophene ring. 

Chart  2.4 Illustration of the minima and transition states structures of Figure 2.21. 
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Figure 2.22 Calculated (B3PW91-D3) structures of the minima of Figure 2.21. 

 

 

Figure 2.23 Calculated (B3PW91-D3) Mulliken atomic charges of specific atoms in Int -4, Int - 19, 

Int -20, and Int -21. 
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Figure 2.24 Calculated (B3PW91-D3) structures of simplified models to assess the interaction 

between group 1 metal cations (t-BuOX (X = Li  (a), Na (b), K (c), Rb (d)) with the thiophene arm. 

To further address the impact of the thiophene ring, especially in the presence of group 1 

cations, the rhenium(I) complex shown in Scheme 2.10 and Figure 2.25 below was synthesized. 

When complex Re-7a was used as a catalyst, the yield of the desired product benzyl alcohol was 

46% (Scheme 2.11), which was considerably lower than observed for catalysis with the original 

complexes that contained a thiophene ring. 

Scheme 2.10 Synthesis of Re-7a. 

 

 

 

Figure 2.25 Preliminary X-ray crystal structure of Re-7a. Hydrogens atoms were omitted for 

clarity. 
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Scheme 2.11 Catalytic hydrogenation reaction of benzaldehyde using Re-7a as catalyst. 
 

 

 

 

Figures 2.26 and 2.27 show the free energy calculated (B3PW91-D3) pathways and the 

calculated structures for the catalytic hydrogenation of benzaldehyde with Re-2a and Re-7a as 

catalysts. Significantly, for the complex without the thiophene ring, Int -25, the N-H proton is 

completely transferred to the oxygen atom in potassium tert-butoxide while potassium has a bond 

with the oxygen atom on the phenyl methoxy group. In contrast, as described earlier in Int -4, the 

NïH proton has been transferred to the phenyl methoxy ligand. Thus, as in the previous section, 

the TS for proton transfer from the NïH proton to the phenyl methoxy ligand is expected to be late 

for Int -4 (TS5), but early for Int -25 (TS16). The data presented suggest that association of the 

potassium cation with the thiophene side-arm is critical in destabilizing the intermediate that is 

responsible for proton transfer from the NïH arm to the phenyl methoxy product that will 

eventually lead to product. 
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Figure 2.26 Free energy pathways calculated (B3PW91-D3) for the hydrogenation of 

benzaldehyde catalyzed by Re-7a and Re-2a with t-BuOK. 



52  

 

 

Figure 2.27 Calculated (B3PW91-D3) structures of the minima that come before (left) and after 

(right) the transition state with the thiophene ring (a) and without (b). 

The effect of replacing the methyl group of the thiophene ring with other substituents was 

also investigated (Figures 2.28 and 2.29 and Chart 2.5). Like the free energy pathway shown on 

Figure 2.21, except for TS5, all the other transition states resemble the reactants in that the NïH 

bond of the ligand and the ReïOBn bond remain intact. Apart from Int -4, all the other minima 

before the transition states have the potassium close enough to interact with the oxygen of the 

phenyl methoxy group, making that atom unavailable to receive the hydrogen from the NïH on 

the ligand backbone. This interaction significantly stabilizes these intermediates and results in 

activation barriers that are higher than Int -4 (26.1 kcal/mol (TS17), 25.4 kcal/mol (TS18), and 

21.6 kcal/mol (TS19) respectively). 
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The calculated pKas of the NïH protons in the Re(I) and Mn(I) complexes of this chapter 

are shown in Chart 2.6. The pKas are too high for deprotonation by t-BuOK however the 

substituents on the thiophene ring may render the NïH bond more acidic. In the case of Int -4 the 

interaction between potassium and the thiophene ring likely weakens the N-H bond so that the H 

atom can be transferred directly to the phenyl methoxy group. The Me group in Int -4 is relatively 

electron-donating compared to the groups in Int -27, (Br), Int -28 (OMe, inductively withdrawing), 

Int -29 (H), this renders the thiophene group in Int -4 a better donor to the potassium cation and 

allows for lowering the pKa of the NïH bond. 

 

Figure 2.28 Calculated (B3PW91-D3) free energy pathways of the hydrogenation reaction of 

benzaldehyde with the catalysts having different substituents on the thiophene ring. Solvation 

energies are reported using the PCM solvation model in tetrahydrofuran. 
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Chart  2.5 Illustration of the minima and transition states structures of Figure 2.28. 
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Figure 2.29 Calculated (B3PW91-D3) structures of the minima of Figure 2.28. 

Chart  2.6 Calculated (B3PW91-D3) pKas of some of the Re(I) and Mn(I) complexes of this 

chapter. 

 

 

   
 

 

  

 

To summarize, the experimental and computational data suggest that t-BuOK lowers the 

activation barrier for proton transfer from the NïH bond in the ligand to the phenyl methoxy group, 



56  

in order to generate product. Significantly the hemilabile thiophene ring associates with the 

potassium atom in t-BuOK. This destabilizes the critical intermediate for proton transfer, thus 

lowering the activation barrier for product formation. 

Part III  

 

2.2.10 Origins of aldehyde selectivity 

 

Novel Re(I) and Mn(I) complexes that were found to be catalysts for the hydrogenation of 

aldehydes were introduced in the first part of this chapter. The mechanism was studied fully with 

experimental and computational techniques, and it was found that this catalytic system requires t- 

BuOK to produce the desired product. Therefore, the role played by t-BuOK was investigated in 

the second part of this chapter. In the third and last part of this chapter, the reason for the selectivity 

for aldehydes in this catalytic system was examined. 

The goal with the catalytic system presented in this chapter was to hydrogenate a variety of 

carbonyl compounds, especially esters and amides, which are important functional groups in 

monomers that lead to plastics. However, the attempted hydrogenation of aromatic and aliphatic 

ketones, esters and amides was not successful. Thus, this system was selective for the 

hydrogenation of aldehydes. To confirm the preference for aldehydes further, a competition 

experiment was performed where benzaldehyde and acetophenone were present in the same 

reaction vessel. Under these conditions, acetophenone was not hydrogenated. 

Among ketones, esters and amides, ketones are the most reactive group of carbonyl 

compounds, although not as reactive as aldehydes. DFT calculations were employed to understand 

this selectivity. Figure 2.30 shows the comparison of the free energy pathways between 

benzaldehyde and acetophenone. Inspection of the calculated structures (Figure 2.31) reveals that 
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there is a strong interaction in the case of acetophenone (Int -33) with the t-BuOK base and the Nï 

H bond of the ligand. In contrast, in Int -4, the NïH bond is transferred to the oxygen atom in the 

phenyl methoxy group. At the same time, as noted earlier, there is a strong interaction in Int -4 

with the thiophene ring. The association of the K atom with the thiophene group in the ligand side 

arm appears to de-stabilize Int -4, relative to Int -33 (0.4 and -10.5 kcal/mol respectively). 

 

Figure 2.30 Calculated (B3PW91-D3) free energy pathways of the hydrogenation reaction of 

benzaldehyde (red) and acetophenone (blue) with Re-2a and t-BuOK. Solvation energies are 

reported using the PCM solvation model in tetrahydrofuran. 
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Figure 2.31 Calculated (B3PW91-D3) structures of the minima of Figure 2.30. 

 

In an attempt to hydrogenate harder carbonyl substrates such as ketones, esters and amides, 

the morpholine/piperidine arm was changed to a more robust ligand such as pyridine (Scheme 

2.12). The synthesis of Re-8 is shown in Scheme 2.13, and the preliminary X-ray crystal structure 

(Figure 2.32) confirms the expected connectivity. 

Scheme 2.12 Illustration of the ligand change to try to make the catalyst more robust. 

 

 

Scheme 2.13 Synthesis of Re-8. 
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Figure 2.32 Preliminary X-ray crystal structure of Re-8. Hydrogen atoms were omitted for clarity. 

 

The decomposition tests in toluene-d8 (Figure 2.33) showed that this new rhenium complex 

also does not decompose at a relatively high temperature such as 120 °C. A variety of catalytic 

conditions were attempted with this complex, however, no hydrogenated product was observed 

not even with aldehydes. To understand the lack of reactivity, DFT calculations were employed 

(Figure 2.34). The free energy pathways reveal that the energy of the final products, Int -37 and 

Int -38, are both higher in energy relative to Int -35 and Int -36 suggesting that this step should be 

reversible. The calculated structures (Figure 2.35) show that in the case of benzaldehyde, the bond 

between potassium and the oxygen of phenyl methoxy makes that oxygen unavailable to receive 

the hydrogen from the N-H on the ligand backbone. Instead, the hydrogen atom is transferred to 

the oxygen of the base. With acetophenone, there seems to be an interaction between the hydrogen 

on the O-H group and the nitrogen atom on the ligand backbone that destabilizes the final product 

Int -37. Also, the activation barrier with acetophenone is considerably higher than with 

benzaldehyde (15.1 versus 5.3 kcal/mol). 
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Figure 2.33 Decomposition tests of Re-8 run in toluene-d8 for 16 hours at a) 120 °C; b) 100 °C; and 

c) 25 °C. 
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Figure 2.34 Calculated (B3PW91-D3) free energy pathways of the hydrogenation reaction of 

benzaldehyde (red) and acetophenone (blue) with Re-8 and t-BuOK. 

 

 

Figure 2.35 Calculated (B3PW91-D3) structures of the minima of Figure 2.34. 
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To further evaluate the impact of the thiophene ring in the catalytic system, two different 

ligands (Figure 2.36a and 2.36c) and rhenium complexes (Figure 2.36b and 2.36d) were 

synthesized. In these ligands and complexes, sulfur was replaced with oxygen in the aromatic 

group of the ligand (Scheme 2.14). 

Scheme 2.14 Illustration of the ligand change to try to improve the interaction with t-BuOK. 

 

 

 

 

 

Figure 2.36 Synthesis of ligands and complexes Re-9b and Re-10. 
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The new rhenium complexes Re-9b and Re-10 were tested as catalysts for the 

hydrogenation of carbonyl compounds. The yields were moderate (around 60-70%) with 

benzaldehyde as the substrate for Re-9b and Re-10, however, no hydrogenated products were 

observed with ketones, esters and amides. The activation barriers for benzaldehyde (20.3 and 22.7 

kcal/mol) and acetophenone (20.0 kcal/mol and 16.6 kcal/mol) are similar (Figure 2.37). Chart 2.7 

and Figure 2.38 show how similar to each other the final products Int -43, Int -44, Int -45, and Int - 

46 are. A possible explanation for the difference in reactivity observed may be the energy required 

to transfer the proton from the base to the oxygen of the phenyl methoxy group, which in the case 

of benzaldehyde may be lower. 

 

Figure 2.37 Calculated (B3PW91-D3) free energy pathways of the hydrogenation reaction of 

benzaldehyde (red and green) and acetophenone (blue and pink) with Re-9b and Re-10 and t- 

BuOK. Solvation energies are reported using the PCM solvation model in tetrahydrofuran. 
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Chart  2.7 Illustration of the minima and transition states structures of Figure 2.37. 
 

 

 

The intermediates before the transition state (Int -39, Int -40, Int -41, and Int -42) have an 

interaction between the hydrogen of the N-H on the ligand backbone and the oxygen of the base, 

which stabilizes those intermediates and does not drive the reaction forward, as shown previously. 

Upon inspecting the structures, it is not clear whether potassium is interacting with the furan ring, 
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therefore, our initial assumption that replacing the sulfur atom for a more electronegative one would 

potentially improve this catalytic system may be incorrect. 

 

 

Figure 2.38 Calculated (B3PW91-D3) structures of the minima of Figure 2.37. 

 

To further investigate whether replacing sulfur with a more electronegative atom would 

result in a more active catalytic system for the hydrogenation of carbonyl compounds, we 

employed DFT calculations to examine the free energy pathway of catalysts Re-11a and Re-12, 

where the sulfur atom was replaced by nitrogen (Chart 2.8). 

Chart  2.8 Structures of Re-11a and Re-12. 

 

 

Figure 2.39 shows the free energy pathways for the hydrogenation of benzaldehyde and 

acetophenone catalyzed by Re-11a and Re-12. Although we do not have experimental data at this 
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moment to confirm these results, the catalytic hydrogenation of acetophenone with Re-11a seems 

very promising. 

 

 

 

Figure 2.39 Calculated (B3PW91-D3) free energy pathways of the hydrogenation reaction of 

benzaldehyde (red and green) and acetophenone (blue and pink) with Re-11a and Re-12 and t- 

BuOK. Solvation energies are reported using the PCM solvation model in tetrahydrofuran. 
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Chart  2.8 Illustration of the minima and transition states structures of Figure 2.39. 

 

Inspection of the calculated structures (Chart 2.8 and Figure 2.40) reveals that Int -47 is 

structurally similar to Int -4, in that the NïH bond is cleaved, and the proton is transferred to the 

oxygen atom in the phenyl methoxy ligand. In addition, there appears to be a significant interaction 

between the nitrogen atom in the pyridine arm and potassium. In contrast, the NïH bond in Int - 

48, Int -49, and Int -50 is not cleaved and the interaction with the pyridine arm is not evident. This 

suggests that like Int -4, the transition state for NïH cleavage and transfer to the oxygen atom of 

the phenyl methoxy group is late (resembles products). As a result, this step has a low activation 

barrier with this catalyst. 
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Figure 2.40 Calculated (B3PW91-D3) structures of the minima of Figure 2.39. 

 

2.3 Conclusions 

 

To summarize, several ENENES Mn(I) and Re(I) complexes were prepared and tested as 

catalysts for the homogeneous hydrogenation of benzaldehyde. Although all the complexes were 

capable of hydrogenating aldehydes, the manganese complex Mn-2b was found to be the most 

efficient catalyst under mild conditions, (25 °C and 40 bar H2 pressure). The isolation of the 

rhenium-hydride complex Re-5b made it possible to study the mechanism and it was 

experimentally observed that the base, t-BuOK, is an important part of the catalytic cycle. Based 

on experimental and computational studies, two pathways have been proposed for this system: 

with and without the presence of the base (t-BuOK). The path that included t-BuOK was lower in 

energy. To the best of our knowledge, the rhenium complexes reported here are the first bearing 

ENENES ligands. Further, the role of t-BuOK is clarified with experimental and DFT studies. The 

base t-BuOK drives the reaction forward and stabilizes the final product by associating the 

potassium with the thiophene sidearm. This interaction also lowers the activation energy for 
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transfer of the NïH bond in the ligand backbone to the phenyl methoxy group. Although this 

system was not able to hydrogenate ketones, esters, and amides, with the help of DFT studies a 

new Re complex (Re-11a) was identified that showed promising results for the hydrogenation of 

acetophenone. 

2.4 Experimental section 

 

General Considerations. Complexes Re(CO)5Cl and Mn(CO)5Br and ligand 2ô were purchased 

from Strem Chemicals and used as received. Ligands L-1a, L-1b, L-1c, L-1d, and L-1e were 

synthesized according to published procedures.101 Anhydrous solvents were purchased from Sigma 

Aldrich and dried with molecular sieves before use. Potassium tert-butoxide (1.0 M in THF) was 

purchased from Sigma Aldrich and used as received. Aldehydes were purchased from Sigma 

Aldrich and Fisher Scientific: solids were used as received and the liquids were dried with 

molecular sieves and degassed before use. Air and/or moisture sensitive materials were stored in 

the glovebox. Deuterated solvents were purchased from Cambridge Isotope Laboratories. 1H and 

13C NMR spectra were obtained on 500 or 600 MHz spectrometers at room temperature. Chemical 

shifts are listed in parts per million (ppm) and referenced to the residual protons of the deuterated 

solvent used. Elemental analysis were performed by Atlantic MicroLabs, Inc. X-ray 

crystallography was performed at the X-ray Structural Facility at North Carolina State University. 

Synthesis of Re(NNS(thiophene)-piperidine)(Cl)(CO) 3 (Re-2a). Ligand 1a (299 mg, 1.26 

mmol) was dissolved in 20 mL of dry benzene and was added dropwise to the colorless suspension 

of [Re(CO)5Cl] (454 mg, 1.26 mmol) and 40 mL of dry benzene. The mixture was then refluxed 

overnight under a nitrogen atmosphere in a 100 mL Schlenk flask. After cooling to room 

temperature, the solvent was evaporated and the residue was further stirred with hexanes overnight, 

filtered, and dried under vacuum to yield a white solid of the Re complex Re-2a. Yield: 92%, 1.4 
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g. A single crystal was grown by slow diffusion of hexanes in a chloroform solution of the complex 

at room temperature. 1H NMR (500 MHz, CDCl3) ŭ: 7.17 (d, J = 5.1 Hz, 1H, thiophene-H), 6.82 

(d, J = 5.0 Hz, 1H, thiophene-H), 4.69-4.65 (m, 1H, NH-CH2-thiophene), 4.00-3.96 (m, 1H, NH- 

CH2-thiophene), 3.66 ï 3.61 (m, 1H, -CH2-), 3.55-3.50 (m, 1H, -CH2-), 3.35 (s, 1H, NH), 3.18 ï 

3.10 (m, 1H, -CH2-), 2.94-2.88 (m, 1H, -CH2-), 2.71-2.66 (m, 2H, piperidine), 2.23 (s, 3H, CH3- 

thiophene), 1.98 ï 1.85 (m, 4H, piperidine), 1.80 ï 1.71 (m, 4H, piperidine). 13C NMR (126 MHz, 

CDCl3) d: 196.63, 193.87, 192.86, 137.54, 131.49, 130.90, 125.10, 63.16, 59.35, 53.37, 48.86, 

23.67,  23.15,  14.17.  FTIR  cm-1:  2015,  1871,  and  1845  (Re-CO).  Elemental  analysis: 

 

(C16H22ClN2O3ReS) Theory: (C: 35.30, H: 4.04, N: 5.15) Found: (C: 35.05, H: 4.04, N: 5.13). 

 

Synthesis of Re(NNS(thiophene)-morpholine)(Cl)(CO)3 (Re-2b). Ligand 1b (415 mg, 1.73 

mmol) was dissolved in 20 mL of dry benzene and was added dropwise to a colorless suspension 

of [Re(CO)5Cl] (626 mg, 1.73 mmol) and 40 mL dry benzene. The mixture was then refluxed 

overnight under a nitrogen atmosphere in a 100 mL Schlenk flask. After cooling to room 

temperature, the solvent was evaporated and the residue was further stirred with hexanes overnight, 

filtered, and dried under vacuum to yield a light purple solid of Re complex Re-2b. Yield: 87%, 

817 mg. A single crystal was grown by slow diffusion of hexanes in a chloroform solution of the 

complex at room temperature. 1H NMR (500 MHz, CDCl3) ŭ: 
1H NMR (600 MHz, CDCl3) ŭ 7.18 

(d, J = 5.2 Hz, 1H, thiophene-H), 6.83 (d, J = 5.1 Hz, 1H, thiophene-H), 4.71 ï 4.65 (m, 1H, NH- 

CH2-thiophene), 4.13 ï 4.03 (m, 2H, morpholine), 4.02 ï 3.97 (m, 1H, NH-CH2-thiophene), 3.96 

ï 3.92 (m, 1H, morpholine), 3.79 ï 3.73 (m, 2H, -CH2-), 3.52 ï 3.46 (m, 1H, morpholine), 3.38 (s, 

1H, NH), 3.19 ï 3.15 (m, 1H, -CH2-), 3.13 ï 3.07 (m, 1H, -CH2-), 2.83 ï 2.78 (m, 1H, morpholine), 

2.72 ï 2.64 (m, 1H, morpholine), 2.53 ï 2.49 (m, 2H, morpholine), 2.23 (s, 3H, CH3-thiophene). 

13C NMR (126 MHz, CDCl3) d: 196.02, 193.24, 192.54, 137.72, 131.24, 130.99, 125.26, 65.19, 
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62.80, 57.79, 53.57, 48.31, 14.19. FTIR cm-1: 2016, 1895, and 1880 (Re-CO). Elemental analysis: 

(C15H20ClN2O4ReS0.5CH2Cl2) Theory: (C: 31.63, H: 3.60, N: 4.76) Found: (C: 31.71, H: 3.47, 

N: 4.65). 

Synthesis of Mn(NNS(thiophene)-piperidine)(Br)(CO) 3 (Mn-2a). Ligand 1a (266 mg, 1.12 

mmol) was dissolved in 20 mL of dry benzene and was added dropwise to the colorless suspension 

of [Mn(CO)5Br] (307 mg, 1.12 mmol) and 40 mL dry benzene. The mixture was then refluxed 

overnight under nitrogen atmosphere in a 100 mL Schlenk flask. After cooling to room 

temperature, the solvent was evaporated and the residue was further stirred with hexanes overnight, 

filtered, and dried under vacuum to yield a light yellow solid of the Mn complex Mn-2a. Yield: 

41%, 212 mg. A single crystal was grown by slow diffusion of hexanes in a chloroform solution of 

the complex at room temperature. 1H NMR (600 MHz, CDCl3) ŭ 7.16 (s overlapping with the 

solvent, 1H, thiophene-H), 6.83 (s, 1H, thiophene-H), 4.68 (broad s, 1H, NH-CH2-thiophene), 3.91 

(broad s, 1H, NH-CH2-thiophene), 3.57 (broad s, 1H, NH), 3.42 (broad s, 2H, -CH2-), 2.97 (broad 

s, 2H, -CH2-), 2.73 ï 2.48 (m, 4H, piperidine), 2.27 (s, 3H, CH3-thiophene), 1.72 (broad s, 4H, 

piperidine), 1.55 (broad s, 2H, piperidine). 13C NMR (151 MHz, CDCl3) d: 213.52, 193.65, 183.75, 

137.27, 131.55, 130.96, 124.69, 60.78, 60.20, 52.13, 48.30, 23.63, 22.53, 14.28. FTIR cm-1: 2013, 

1923, and 1892 (Re-CO). Elemental analysis: (C16H22BrMnN2O3S 0.5CH2Cl2) Theory: (C: 39.66, 

H: 4.64, N: 5.61) Found: (C: 40.35, H: 4.86, N: 5.99). 

Synthesis of Mn(NNS(thiophene)-morpholine)(Br)(CO) 3 (Mn-2b). Ligand 1b (314 mg, 1.31 

mmol) was dissolved in 20 mL of dry benzene and was added dropwise to a colorless suspension 

of [Mn(CO)5Br] (360 mg, 1.31 mmol) and 40 mL dry benzene. The mixture was then refluxed 

overnight under nitrogen atmosphere in a 100 mL Schlenk flask. After cooling to room 

temperature, the crude yellow product precipitated, which was then filtered and washed with 
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hexanes overnight, filtered again, and dried under vacuum to yield a yellow solid of the Mn 

complex Mn-2b. Yield: 68%, 411 mg. A single crystal was grown by slow diffusion of hexanes in a 

chloroform solution of the complex. 1H NMR (600 MHz, CDCl3) ŭ: 7.20 (s overlapping with the 

solvent, 1H, thiophene-H), 6.84 (s, 1H, thiophene-H), 4.68 (broad s, 2H, NH-CH2-thiophene), 3.71 

(broad s, 2H, -CH2-), 3.56 (broad s, 2H, -CH2-), 3.00 (broad s, 1H, NH), 2.95-2.76 (m, 4H, 

morpholine), 2.72 ï 2.50 (m, 4H, morpholine), 2.27 (s, 3H, CH3-thiophene). 13C NMR (151 MHz, 

CDCl3) d: 213.86, 197.97, 189.22, 131.03, 124.87, 64.15, 63.39, 60.74, 58.73, 57.16, 52.29, 47.68, 

14.20. FTIR cm-1: 2013, 1923, and 1893 (Re-CO). Elemental analysis: 

(C15H20BrMnN2O4S 0.5CH2Cl2) Theory: (C: 37.11, H: 4.22, N: 5.58) Found: (C: 36.75, H: 4.29, 

N: 5.79). 

 

Synthesis of Re(NNS(phenyl)-morpholine)(Cl)(CO)3 (Re-3b). Ligand 2ô (100 mg, 0.380 mmol) 

was dissolved in 20 mL of dry benzene and was added dropwise to a colorless suspension of 

[Re(CO)5Cl] (136 mg, 0.380 mmol) and 40 mL dry benzene. The mixture was then refluxed 

overnight under nitrogen atmosphere in a 100 mL Schlenk flask. After cooling to room 

temperature, the solvent was evaporated and the residue was further stirred with hexanes overnight, 

filtered, and dried under vacuum to yield an off-white solid of Re complex Re-3b. A single crystal 

was grown by slow diffusion of hexanes in a chloroform solution of the complex. Yield: 90%, 194 

mg. 1H NMR (500 MHz, CDCl3) ŭ: 7.52 ï 7.47 (m, 2H, phenyl), 7.34 ï 7.29 (m, 2H, phenyl), 7.29 

ï 7.24 (m, 1H, phenyl), 4.12 (s, 1H, NH), 4.10 ï 4.03 (m, 2H, morpholine), 3.94 ï 3.89 (m, 1H, 

morpholine), 3.83-3.75 (m, 2H, -CH2-), 3.45 ï 3.40 (m, 1H, morpholine), 3.35 ï 3.29 (m, 1H, - 

CH2-), 3.29 ï 3.22 (m, 1H, -CH2-), 3.22 ï 3.16 (m, 1H, -CH2-), 3.09 ï 3.04 (m, 1H, -CH2-), 3.04 

ï 3.00 (m, 2H, -CH2-), 2.82 ï 2.75 (m, 1H, morpholine), 2.65 ï 2.59 (m, 1H, morpholine), 2.58 ï 

2.50 (m, 2H, morpholine). 13C NMR (126 MHz, CDCl3) d: 195.92, 193.09, 192.42, 133.26, 129.92, 
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128.73, 65.17, 62.68, 57.73, 54.87, 47.81, 34.22. FTIR cm-1: 2013, 1914, and 1882 (Re-CO). 

Elemental analysis: (C18H24ClN2O3ReS) Theory: (C: 35.66, H: 3.85, N: 4.89) Found: (C: 36.19, 

H: 3.93, N: 4.97). 

 

Synthesis of Re(NNS(thiophene)-morpholine)(H)(CO)3 (Re-5b). In an inert atmosphere, 

complex Re-2b (102.2 mg, 0.187 mmol) was dissolved in 30 mL of dry toluene in a 50 mL storage 

tube. One equivalent of sodium triethylborohydride (0.187 mL, 0.187 mmol) was added dropwise 

to the solution of Re-2b and stirred overnight (16 h) at room temperature. The solution was then 

filtered to afford a yellow solid which consisted of a mixture of the desired product (rhenium- 

hydride complex Re-5b) and the byproduct sodium chloride. To separate both products, the yellow 

powder was dissolved in a minimal amount of methylene chloride, filtered through celite, and 

excess pentane was added to afford the precipitation of the desired white Re complex product Re- 

5b. Yield: 78%, 75.0 mg. A single crystal was grown by slow diffusion of pentane in a methylene 

chloride solution of the complex. 1H NMR (600 MHz, Methylene Chloride-d2) ŭ 7.27 (d, J = 5.2 

Hz, 1H, thiophene-H), 6.90 (d, J = 5.1 Hz, 1H, thiophene-H), 4.58 (m, 1H, NH-CH2-thiophene), 

4.40 (s, 1H, NH), 4.13 (m, 2H, morpholine), 3.98 (m, 1H, NH-CH2-thiophene), 3.93 (dt, J = 12.7, 

3.2 Hz, 1H, morpholine), 3.82 (dt, J = 12.9, 3.4 Hz, 1H, morpholine), 3.44 (m, 2H, -CH2-), 3.22 ï 

3.16 (m, 1H, -CH2-), 2.96 ï 2.89 (m, 3H, overlap between -CH2- and morpholine), 2.82 (ddd, J = 

11.9, 10.2, 3.2 Hz, 1H, morpholine), 2.69 (dtd, J = 13.2, 9.7, 3.6 Hz, 1H, morpholine), 2.28 (s, 3H, 

CH3-thiophene). 13C NMR (126 MHz, CDCl3) d: 201.89, 200.30, 198.20, 137.99, 132.99, 131.12, 

125.44, 66.49, 65.82, 64.30, 55.79, 48.12, 14.35. FTIR cm-1: 2016 (Re-H), 1987, and broad peak 

at 1852 (Re-CO). Elemental analysis: (C15H21N2O4ReS 0.5CH2Cl2) Theory: (C: 33.60, H: 4.00, N: 

5.06) Found: (C: 33.76, H: 3.98, N: 5.05). 
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Synthesis of Re(NNS(thiophene)-pyridine)(Cl)(CO) 3 (Re-8). Ligand 1c (112 mg, 0.482 mmol) 

was dissolved in 20 mL of dry benzene and was added dropwise to the colorless suspension of 

[Re(CO)5Cl] (175 mg, 0.482 mmol) and 40 mL of dry benzene. The mixture was then refluxed 

overnight under a nitrogen atmosphere in a 100 mL Schlenk flask. After cooling to room 

temperature, the solvent was evaporated and the residue was further stirred with hexanes overnight, 

filtered, and dried under vacuum to yield a white solid of the Re complex Re-8. Yield: 74%, 191 

mg. A single crystal was grown by slow diffusion of hexanes in a chloroform solution of the 

complex at room temperature. 1H NMR (500 MHz, CDCl3) ŭ 9.05 (ddd, J = 5.8, 1.7, 0.7 Hz, 1H, 

pyridine-H), 7.80 (td, J = 7.7, 1.7 Hz, 1H, pyridine-H), 7.38 ï 7.26 (m, 2H, pyridine-H), 7.23 (d, 

J = 5.1 Hz, 1H, thiophene-H), 6.87 (q, J = 4.8 Hz, 1H, thiophene-H), 4.90 ï 4.83 (m, 1H, NH- 

CH2-thiophene), 4.28 ï 4.14 (m, 1H, NH-CH2-thiophene), 3.39 (ddd, J = 15.0, 10.1, 4.2 Hz, 1H, - 

CH2-), 3.32 (s, 1H, -NH), 3.16 (ddd, J = 15.9, 5.4, 3.0 Hz, 1H, -CH2-), 3.02 (dddd, J = 13.0, 10.1, 

5.6, 3.0 Hz, 1H, -CH2-), 2.96 ï 2.91 (m, 1H, -CH2-), 2.31 (s, 3H, -CH3). 
13C NMR (126 MHz, 

CDCl3) d: 160.40, 156.82, 139.17, 137.60, 130.69, 125.76, 124.91, 124.06, 54.15, 45.23, 36.64, 
 

14.00. 

 

Synthesis of Re(NNO(furan)-morpholine)(Cl)(CO)3 (Re-9b). Ligand 1d (206 mg, 0.979 mmol) 

was dissolved in 20 mL of dry benzene and was added dropwise to the colorless suspension of 

[Re(CO)5Cl] (354 mg, 0.979 mmol) and 40 mL of dry benzene. The mixture was then refluxed 

overnight under a nitrogen atmosphere in a 100 mL Schlenk flask. After cooling to room 

temperature, the solvent was evaporated and the residue was further stirred with hexanes overnight, 

filtered, and dried under vacuum to yield a white solid of the Re complex Re-9b. Yield: 70%, 354 

mg. 1H NMR (500 MHz, CDCl3) ŭ 7.45 (d, J = 1.8 Hz, 1H, furan-H), 6.44 ï 6.38 (m, 2H, furan- 

H), 4.53 (dd, J = 14.9, 3.4 Hz, 1H, -CH2-), 4.18 ï 4.08 (m, 2H, -CH2-), 4.05 (dd, J = 14.9, 10.0 Hz, 
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1H, -CH2-), 3.99 (dt, J = 12.9, 3.2 Hz, 1H, -CH2-), 3.87 ï 3.81 (m, 2H, -CH2-), 3.73 (s, 1H, -NH), 

3.52 (dq, J = 12.3, 2.3 Hz, 1H, -CH2-), 3.22 (td, J = 13.3, 3.3 Hz, 1H, -CH2-), 3.12 (ddt, J = 13.2, 

5.3, 2.8 Hz, 1H, -CH2-), 2.86 (dddd, J = 15.9, 13.0, 9.3, 4.2 Hz, 2H, -CH2-), 2.57 (tt, J = 10.8, 3.6 

Hz, 2H, -CH2-). 
13C NMR (126 MHz, CDCl3) d: 195.70, 192.85, 192.06, 149.52, 143.58, 111.03, 

110.84, 65.03, 64.92, 62.59, 61.70, 57.48, 53.18, 48.38. 

 

Computational Studies. Calculations were performed with the Gaussian 16125 computational 

program. Geometry and transition state optimizations were performed with the 6-31G(d,p)126,127 

basis set on light atoms and SDD basis set128ï130 with an added f polarization function131 on 

rhenium and manganese. The optimization calculations included tight optimization criteria (opt = 

tight) in the Gaussian 16125 implementation of B3PW91132 with an ultrafine integral grid (int = 

ultrafine), and Grimmeôs dispersion correction133 was employed in all calculations. All structures 

were fully optimized, and analytical frequency calculations were included on all structures to 

ensure a zeroth-order (local minimum) or first-order (transition state) saddle point. The minima 

associated with each transition state were verified by animation of the imaginary frequency. The 

energy values were calculated at 298 K with the 6-311++G(d,p) basis set134 for C, H, N, O, S, and 

K atoms and the SDD basis set with an added f polarization function131 on rhenium and manganese. 

The reported energies utilized analytical frequencies and the zero point corrections from the gas 

phase optimized geometries and include solvation corrections which were computed using the 

polarizable continuum model (PCM) method,135,136 with toluene and tetrahydrofuran as the 

solvents implemented in Gaussian 16. 

Computational Procedure for pKa Calculations. The pKa calculations were based on the 

equation below that shows the relationship between pKa and the Gibbs free energy change of the 

protonation or acid dissociation reaction, DG: 
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     (3.1) 

R and T are the gas constant and absolute temperature, respectively. The Gibbs free energy change 

is: 

 

Where M is Re or Mn, while [M]-N- and [M]-NH are the unprotonated and protonated versions of 

the ligand backbone. G([M]-N-), G([M]-NH), and G(H+) are the Gibbs free energy of the 

unprotonated and protonated states of the ligand backbone in the metal complex, and that of a 

dissociated proton, respectively. Considering the thermodynamic cycle137 of the reaction (Figure 

2.41), Equation 3.2 can be written as Equation 3.3, using the gas phase reaction Gibbs free energy, 

ῳὋ , and the solvation free energy of the [M]-N-, H+, and [M]-NH, which are ῳὋ , 

ῳὋ , and ῳὋ , respectively. 

 

Figure 2.41 The description of the thermodynamic cycle for the deprotonation reaction of the 

ligand backbone in the Re(I) and Mn(I) metal complexes presented in this chapter. 

To solve Equation 3.3 and obtain the pKa, ῳὋ  and ῳὋ  can be calculated, while ῳὋ  

is a constant of value 255.1 kcal/mol in acetonitrile, determined by Rossini and Knapp138 (Nikola 

Lambic, unpublished results). ῳὋ  can be calculated by Equation 3.4 below, where 

Ὃ  and Ὃ  are obtained by calculations, while ῳὋ  is a constant of value -6.28 
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kcal/mol139. 

 

To perform calculations, the Gaussian 16125 computational program was used. For optimizations, 

the B3PW91132 method with an ultrafine integral grid (int = ultrafine), and Grimmeôs dispersion 

correction133 was employed in all calculations. On light atoms, the basis set was 6-31G(d,p)126,127, 

while SDD basis set128ï130 with an added f polarization function131 was used for rhenium and 

manganese. For the energy calculations, the same method was employed, however, the basis set 

for the light atoms was 6-311++G(d,p)134, and SDD+f128ï130 was used on the transition metals. The 

energy values were calculated at 298 K, and the solvent correction values were obtained using the 

polarizable continuum model (PCM) method,135,136 with acetonitrile as the solvent. 

General Procedure of Catalytic Hydrogenation 

 

Liquid substrates were degassed and stored over molecular sieves in the glove box. Solvents, 

substrates, metal catalysts, and t-BuOK were handled in the glove box. The catalyst (0.0045 mmol) 

was dissolved in the specific dry solvent (THF, toluene, diethyl ether, acetonitrile, 1,4-dioxane) in 

the glove box, then t-BuOK (0.0045, 0.0090, 0.0225, 0.045 mmol) was added dropwise, followed 

by the substrate (0.9, 4.5 mmol). The solutions were mixed in 20 mL glass vials and transferred 

into Parr Instrument stainless steel autoclaves under nitrogen gas in the glove box. The system 

would then be purged with H2 (20 bar) for 1 minute, pressurized with H2 to the specified pressure, 

and heated to the specific temperature. The reactions were run in triplicate and the yields of the 

products were determined by 1H NMR spectroscopy by the ratio of the methylene peak in the 

alcohol product to the aldehyde peak of the substrate. 
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NMR experimental data 
 

 

 

Figure 2.42 1H NMR (600 MHz, CDCl3) spectrum of Re-2a. Impurities: water (1.5 ppm), n- 

hexane (1.24, 0.86 ppm). 
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Figure 2.43 13C NMR (151 MHz, CDCl3) spectrum of Re-2a. 
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Figure 2.44 1H NMR (600 MHz, CD2Cl2) spectrum of Re-2b. Impurities: benzene (7.35 ppm), 

water (1.55 ppm), grease (1.23, 0.88 ppm). 
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Figure 2.45 13C NMR (126 MHz, CDCl3) spectrum of Re-2b. 
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Figure 2.46 1H NMR (600 MHz, CDCl3) spectrum of Mn-2a. Impurities: benzene (7.34 ppm), 

water (1.59 ppm), n-hexane (1.23, 0.88). 



83  

 

Figure 2.47 13C NMR (151 MHz, CDCl3) spectrum of Mn-2a. 
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Figure 2.48 1H NMR (500 MHz, CDCl3) spectrum of Mn-2b. Impurities: benzene (7.34 ppm), 

water (1.65 ppm), n-hexane (1.23, 0.88). 
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Figure 2.49 13C NMR (126 MHz, CDCl3) spectrum of Mn-2b. 
























































































































































































































