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ABSTRACT 

N-alkylation of amines via dehydrogenative coupling with alcohol catalyzed 

by the well-defined PN3 rhenium pincer complex 

Nasser Alobaid 

 

Transition metals are known to be the essential part in most of the catalysts, the 

heterogeneous and the homogenous catalysts; however, the ligands that attached to the 

metal centers can also alter the reactivity of the catalyst, and that is widely observed in 

nature. In our project, we are interested in the metal-ligand cooperation of a special type 

of ligand called the pincer ligand. Our focus is mainly on the tridentate Pincer Ligands 

with a pyridine backbone. Also, it contains a spacer that could be deprotonated and 

protonated during the aromatization and dearomatization process. Aromatization and 

dearomatization of the pincer ligand are responsible for the unique reactivity of the pincer 

complexes, especially in the hydrogenation and dehydrogenation reactions. 

Recently, huge developments have been made in the dehydrogenative coupling of 

aniline and benzyl alcohol via manganese pincer complexes. The most recent papers on 

that subject have been done by Beller in 2016[1], Kempe 2018 [2], and Hultzsch 2019 

[3]. However, rhenium complexes have not been studied enough even though it is in the 

same seventh row of the transition metal. 

 Therefore, the rhenium was studied as a possible alternative. Then,  the synthesis 

of a well-defined PN3 rhenium complex was performed from the bipy-tBu ligand and the 

metal precursor Re(CO)5Cl. The ligand has a unique deformity as the phosphine sidearm 

is not attached to the metal center. 
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Further investigation of the aniline and benzyl alcohol dehydrogenative coupling 

via PN3 rhenium pincer complex has been done. An optimal reaction condition was 

achieved, and the substrate scope was further examined with various alcohols and 

amines, and the result shows good to moderate conversion with decent selectivity 

towards the imine. Except for the secondary alcohols.  
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1.1 Introduction: 

Catalyzed reactions via transition metals is well-known approach to achieve 

higher complexity reactions that do not occur by the established organic procedures. A 

well-known example of such a reaction is the cross-coupling reaction by Hecks, 

Sonogashira, and Suzuki. These scientists have used palladium-based catalysts to achieve 

a seemingly difficult final product, which is carbon-carbon bond formation. These efforts 

have resulted in them winning the noble prize in chemistry in 2010, illustrating the 

importance of the transition-metal in catalysis.  Now, however, the challenge that faces 

scientists in this area is to find a more environmentally friendly approach to utilize the 

transition metals [4].  The most crucial factor of the transition metal catalysts that 

determines its stability in the environment is the ligands that bound to the metal center of 

the catalyst, which also control the selectivity of the reaction it catalyzes. However, the 

ligand is indirectly involved in the reaction. In other words, although the ligands 

contribute to the stability and selectivity, the bond formation or bond breaking of the 

reaction is non-reliant on ligands. Recently, scientists’ interests have shifted towards 

developing catalysts with bifunctional modes that have a cooperative approach with the 

metal to undergo the reaction that it catalyzes. These types of ligands widely exist in 

nature; for example, the heme ligand that is bonded to the iron atom.  This heme ligand 

cooperates with the iron, which is the metal center of the whole complex, and in this 

cooperation, the shape of the ligand changes.  This change provides different steric 

properties, which depend on the number of oxygen molecules bonded to the complex.   If 

the iron does not bond to oxygen, then the shape of the heme ligand tends to form a dome 

shape and is referred to as T state. However, when the heme is in the lung, the 
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concentration of the oxygen is very high, and the heme is forced to bound to oxygen, 

which creates a flat shape and is referred to as R state. When the ligand is in the R state, 

the oxygen binds very easily to the hemoglobin forces the next oxygen molecule to bind 

faster [5]. These types of interactions are referred to as metal-ligand cooperation (MLC). 

 

1.2 Pincer Ligands: 

 

Figure 1. 1 - Pincer complex overview 

Pincer ligand is a tridentate ligand with a cavity for the metal bonding, which has 

tunable accessibility.  Of the pincer ligands, the PNP and PNN pincer ligand is of interest 

because of their ability to interact with the reaction through its metal-ligand cooperation 

(MLC) property. The pincer ligand, as shown in Figure 1.1, consists of three binding sites 

that donate two electrons with one binding site in the middle that can be controlled. Also, 

it contains two phosphine arms, which only donate two electrons, and two R group that 

can be manipulated to produce different properties. The electronic properties of the R 

group can control the harshness and softness of the ligand sidearm. Also, the bulkiness of 

the R group, as shown in Figure 1.1, can contribute to the metal-binding rigidity of the 
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complex and also the accessibility through the steric hindrance. The pincer ligand also 

has a spacer that consists of ether CH2, NH, or O. This spacer contains most of the metal-

ligand corporation (MLC) properties, especially the nitrogen and carbon spacers as it can 

be deprotonated and vice versa. 

1.3 Dearomatization and rearomatization: 

 

Figure 1. 2 – Rearomatization and Dearomatization overview. 

The pyridine backbone can undergo dearomatization and rearomatization by 

deprotonating the spacer. By deprotonating the spacer, a cascade effect occurs, which 

results in double bond forms between the spacer and the backbone pyridine ring. Instead 

of bonding through an L ligand, the nitrogen bonds to the metal as an X ligand. This 

phenomenon of aromatization and dearomatization with pyridine based pincer ligands 

was not observed until 2005 by Milstein and co-worker [6, 7]. This discovery led to a 

huge step in the pyridine activation chemical bonds and environmentally benign catalysts.  
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Figure 1. 3 - Ru Pincer catalyst that was developed by Milstein and co-workers to 

undergo a dehydrogenative coupling of alcohol to produce esters. This mechanism 

illustrates a dearomatization and rearomatization by deprotonation and protonation of the 

pincer spacer [4, 6] 

1.4 Milstein pincer system and Huang pincer system: 

The essential difference between the Huang type ligand and the Milstein type ligand is 

that the spacer is changed from carbon to nitrogen, as shown in Figure 1.4.  

 

Figure 1. 4 - Illustration of the different types of pincer ligands. 
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Figure 1. 5 – thermodynamic visualization of the difference between Milstein system and 

Huang system [8] 

Although changing the spacer from CH2 to NH appears insignificant in the ligand 

structure, the difference in the thermodynamic properties, as well as the kinetical 

properties, has significantly altered. The experimental result for the Huang system 

performs the homocoupling of alcohol to esters at a higher temperature, which was 

further investigated using DFT, with the outcome being that the Huang system takes a 

separate pathway to perform the reaction of hydrogenation and dehydrogenation. As 

shown in Figure 1.5 above, the proton cleavage of hydrogen in the Milstein system does 

not require a proton shuttling to perform the reaction. In contrast, in the Huang system, 

two protic molecules are required to undergo the reaction. This shows that the catalyst 

with the Huang system performs better at the protic solvent and even in the presence of 

water. For the Huang system catalyst, it requires approximately ten Kcal/mol more to 

perform the hydrogen cleavage reaction illustrating that the DFT analysis is analogous 

with the experimental results [8]. 
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The following are the several ligands that are developed by the Huang group that 

follows the Huang system approach, but differ in the other sidearm that can introduce 

different properties.  

 

Figure 1. 6 – overview of the pincer ligand synthesized by Huang group [7]. 

1.5 Hydrogenation and dehydrogenation reaction: 

Hydrogenation and dehydrogenation reactions are two of the most crucial areas in the 

catalysis field as they are associated with energy storage and energy consumption. 

Moreover, it is also an important approach to synthesize many different chemicals that, as 

aforementioned, cannot be synthesized by the traditional organic methods.  

1.5.1 Hydrogenation: 

The hydrogenation reaction is a reaction that involves adding hydrogen molecules to a 

complex or a double bond such as reduction reaction to carbonyls to alcohols, and the 

reaction of an imine to amine. It is also considered a way to store the energy that is 

manifested into hydrogen through electrolysis of water. Following is a few examples of 

hydrogenation reaction performed by pincer catalysts. 
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Figure 1. 7 - summary of the reaction reported by Milstein [9] 

As claimed by Milstein (2011), the reaction shown in Figure 1.7 is the first 

reported hydrogenation reaction of carbonate to alcohol performed by using the Milstein 

pincer system complex.   The complex consists of a phosphine sidearm and nitrogen 

ligand with two ethyl groups as its substituent, which is attached to ruthenium as its metal 

center. Moreover, the optimal reaction condition was at a temperature of 145 °C with 60 

atm hydrogen pressure, 0.01 mmol of the catalyst and 25 mmol of the carbonate in 1,4 

dioxane. Milstein et al was able to achieve a turnover number of 2500.  The turnover 

number is significant because it illustrates the importance of the pincer ligand complexes 

as an approach for CO2 reduction as carbonate can be formed directly from CO2. [9] 

 

The mechanism of the reaction that was discussed by Milstein illustrates the 

general mechanism previously suggested in Figure 1.3 can describe this type of 

hydrogenation reaction, as shown in Figure 1.8 below: 
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Figure 1. 8 – the suggested mechanism reported by Milstein [9] 

The mechanism for the reaction, as shown in Figure 1.8, starts with the 

dearomatized form of complex one, which undergoes a hydrogen cleavage reaction. 

Afterwards, the complex undergoes a 1,2 insertion step, and this is defined by the 

migration of the hydride to the carbon in the double bond.  Once this is completed, the 

oxygen is bonded to the metal center. The double bond is then reformed again, and the 

methoxy group leaves taking a proton from the carbon spacer to dearomatize the 

complex, making it a good leaving group. A similar step will occur until the 

formaldehyde binds to the metal center and hydrogen molecules will be cleaved again, 

allowing the reduction of the formaldehyde to methanol.  
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 Figure 1. 9 - Hydrogenation reaction Figure by Kirchner and co-worker [7, 10] 

Another example of hydrogenation reaction is by Kirchner and co-workers, where 

they were able to perform a hydrogenation reaction to the carbonyl group in the case of 

aldehydes or ketones. The complex they were able to synthesis is a typical PN3P pincer 

complex with iron as the transition metal center, as shown in Figure 1.9. Kirchner et al 

were able to achieve their optimal result by using one mole% of the catalyst and two 

mole% of the base KOtBu at room temperature in ethanol[10]. The choice of solvent 

clearly emphasizes the previous claim that pincer complex with nitrogen as the spacer, or 

Huang system, prefers protic solvent; hence, the methanol as the optimal solvent for this 

reaction. The significance of this work depends on the fact that these reactions are 

typically done by precious metals such as ruthenium. This work illustrates the idea that it 

is possible to obtain an iron PN3P pincer complex that can actually undergo 

hydrogenation with high reactivity. 
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Figure 1. 10 – a reaction scheme for the cobalt catalyzed homocoupling of nitrile to 

imine[11]. 

Another type of reaction that could be performed by pincer complexes is 

hydrogenative homocoupling. An example of this reaction is the hydrogenative 

homocoupling of nitriles to imines. This reaction was performed by Huang et al, and 

synthetization of the PN3P cobalt pincer catalyst was successful, as shown in Figure 1.10 

above. They were able to achieve this reaction using toluene as the solvent, one mole% of 

the catalyst, and four moles% of the base in 100°C for 48 hours. This catalyst was tested 

for a different scope of nitrile, and it shows a very robust reactivity as the yield ranged 

from moderate to good and mostly greater than 99% yield.[11] 

 

  Figure 1. 11- Possible Product Formation during Nitrile Hydrogenation [11] 
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A suggested mechanism for the hydrogenative homocoupling is shown above. 

The mechanism shows that the reaction starts with the hydrogenation of nitriles, which 

results in primary imine that gets hydrogenated to a primary amine. Then, the imine 

attaches to the amine, and the nitrogen becomes protonated, and eventually acts as a 

leaving group that that will form the secondary imine and ammonium.  

1.5.2 Dehydrogenation: 

Dehydrogenation reactions is defined by the release of hydrogen gas from 

molecules. An example of this type of reaction is the oxidation reactions of the alcohols 

to carbonyls. It is also considered as a way to release the energy that has been stored in a 

simple molecule in the form of hydrogen gas, which then can be used in hydrogen fuel 

cells. This method is a very important way to create efficient and environmentally 

friendly energy sources; however, it is also an important reaction to create important 

molecules by activating specific species and to perform coupling reactions that cannot be 

performed by normal organic techniques. The following are a few examples of 

dehydrogenation reaction performed by pincer catalysts. 

 

Figure 1. 12 – The reaction mechanism of the hydrogenative coupling of alcohol to ester. 

A very important application for dehydrogenation reactions is the formation of the 

ester from alcohol, which involves dehydrogenative homocoupling. The alcohol oxidizes 

to a carbonyl, an aldehyde in the case of esterification, which allows another alcohol to 
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attach the electrophilic site of the carbonyl. Then, the hemiacetal forms and 

dehydrogenates again, forming the ester group.  

  

Figure 1. 13 - Catalytic conversion of alcohols to ester [4, 6] 

 Milstein et al in 2005 were able to obtain the dehydrogenative coupling of alcohol 

to an ester using the PNP-Ru pincer ligand complex shown in Figure 1.13.  They were 

able to achieve the optimal condition with a 95% yield in toluene using 0.1 mole percent 

of the base and the catalyst at a temperature of 115 °C in 24 hours with a turnover 

number of 950. This paper was considered to be a milestone in terms of pincer complex 

catalysts, as it illustrates the observation of aromatization and dearomatization of the 

pyridine based pincer catalyst, as shown in Figure 1.2.[6] 

Another important example of dehydrogenation is the dehydrogenative 

homocoupling of amines, which takes a similar bath to the previously shown reaction (the 

hydrogenative coupling of nitriles) in Figure 1.11. Therefore, the primary amine gets 

dehydrogenated to primary imine, which then undergoes exactly the same pathway to 

form the secondary imine. This reaction is illustrated in Figure 1.14 below by multiple 

catalysts and their yields. 
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 Figure 1. 14 – shows the yield of different catalysts for the same reaction [6].  

 

As shown in Figure 1.14 above, the reaction performed better as the Huang 

system pincer ligands were introduced. As the ligand manifested the nitrogen spacer 

properties, Huang system characteristics, the yield for the reaction improved by achieving 

93% with the PN3P ruthenium pincer complex. This illustrates that changing the spacer 

from carbon to nitrogen changes the catalytic property for the ruthenium complex, as 

shown in Figure 1.14.   

 

1.6 N- Alkylation via dehydrogenative coupling of alcohol and primary amines: 

In order to explain why the research in this paper centers around the complex 

synthesis and catalytic activity towards the reaction, a summary of previous work related 
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to to N-alkylation via the dehydrogenative coupling is necessary to outline. N-alkylation 

is considered to be an integral part of the synthesis of very important compounds in the 

industrial and pharmaceutical fields. Typical methods to perform the N-alkylation depend 

mostly on the substitution reaction that produces very harmful halides. Therefore, within 

the scientific field the performance of the reaction in a much more advanced method 

using the transition metal as the catalyst has been executed. A recently known method is 

described in Figure 1.15. 

 

Figure 1. 15 – a general mechanism for N- Alkylation via dehydrogenative coupling of 

alcohol and primary amines 

A substantial amount of the papers that discussed this type of reaction used benzyl 

alcohol and aniline as its standard substrate for optimal condition studies. As shown in 

Figure 1.15, the benzyl alcohol underwent hydrogenation and produced the 

benzaldehyde. Afterward, the aniline reacted with the benzaldehyde and underwent a 

hydration reaction, in which the water left the system, and produced the secondary imine. 

The following step, depended on the reactivity or, as proven later, the hydrogen pressure 

in the system.  Lastly, the reaction underwent hydrogenation to produce the secondary 

amine.  
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This type of reaction is previously known to be catalyzed by precious metals such 

as ruthenium, rhodium, and Iridium. An example of such a reaction is described by 

Velarga et al 2012. 

 

Figure 1. 16 – summary of the reaction reported by Velarga et al [12] 

In this paper, he achieved a greater than 99% yield. The reaction condition that 

was used for obtaining the full conversion of the reaction was 2.00 mmol of aniline and 

2.00 mmol of benzyl alcohol and 50 mol% of KOH. Then, (0.5 mol %) was used of the 

catalyst in two mL of toluene at 100 °C for 24 h.  The reaction selectivity to amine was 

altered by increasing the amount of base to 50 mole% that led to greater than 99% 

selectivity towards the amines instead of the imines. [12] 

 Afterward, many efforts were made to undergo the same reaction using less 

expensive transition metals, which also meant more financial efficiency than the 

previously used catalyst for this type of reaction. 

 

 Figure 1. 17 - summary of the reaction reported by Kempe [13] 
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An effort to try a cheaper transition metal for the N-alkylation reaction was made 

by Kempe 2015. A yield of 67% was achieved using cobalt as the central metal for the 

pincer ligand complex. In addition, the optimal yield was achieved with conditions of 1.0 

mmol of aniline, and 1.1 mmol of benzyl alcohol, with 1.0 mmol KOtBu (100mole%), in 

5 mL of toluene with a temperature of 80°C for 20 hours. In this work, the efficiency of 

the triazine backbone Cobalt pincer complex (PN5P) for this specific reaction was 

introduced. This complex, a unique type of pincer ligand, was introduced, and was 

claimed to be air-stable crystals [13]. However, efforts to improve the efficiency of the 

catalyst were not superior to the previously stated precious metals, such as the ruthenium 

complex. Therefore, further investigation was needed to achieve the desired efficiency 

for cheaper transition metals. 

 

 Figure 1. 18 - summary of the reaction reported by Kirchner [14] 

In Figure 1.18, Kirchner et al developed an air-stable iron pincer ligand complex 

with triazine backboned pincer ligand complex (PN5P) in 2016. The group was able to 

perform the N-alkylation reaction in a significantly superior yield than Kempe with a 

relatively similar ligand with the cobalt complex in Figure 1.17.  

The reaction condition for the optimal entry was 1.0 mmol for the benzyl alcohol, 

and 1.2  mmol for the aniline, and 1.3 mmol for the base (KOtBu), which is 130 mol%,  
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and two mole% of the catalyst in four mL of toluene for 16 hours in a temperature of 

80°C.[14] 

 Based on this data, scientists turned their focus to the seventh group of the 

transition metals and, more specifically, manganese, in effort to efficiently perform the 

N-alkylation.  This was motivated by how economical manganese is compared to the 

previously reported precious metals. 

  

 

 Figure 1. 19 - summary of the reaction reported by Beller [1] 

The first manganese pincer complex was performed by Beller et al in 2016. A 

97% yield was achieved using the conditions of  0.5 mmol of aniline, 0.6 mmol of benzyl 

alcohol, three mol% loading of the manganese catalyst, and 75 mole% loading of the base 

tBuOK in toluene for 24 hours at a temperature of 80°C [1]. This is also considered to be 

a significant improvement to the previously discussed iron pincer complex. This proves 

the superiority of the manganese pincer ligand complex due to a simple ligand obtaining 

a relatively higher conversion. This motivated an abundant amount of research centered 

around the manganese pincer ligand complex for N-alkylation via dehydrogenative 

coupling of alcohol to amines, and also other hydrogenation and dehydrogenation 

reactions. 
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 Figure 1. 20 - summary of the reaction reported by Kempe 2018 [2] 

  Another step towards the improvement of the N-alkylation reaction was made in 

2018 by Kempe et al. After the significant success made by the manganese pincer 

complex by Beller, they were able to obtain the manganese pincer complex using its 

unique triazine backbone type ligand (PN5P). Furthermore, they were able to obtain 99% 

yield using the following condition of 1.0 mmol of aniline and 1.4 mmol of benzyl 

alcohol, and 1.0 mole% loading of the manganese catalyst, 100 mol% loading of the Base 

tBuOK in toluene for 18 hours at a temperature of 80°C [2]. 

 Most of the previously reported manganese pincer catalysts were symmetric PNP 

type pincer catalysts, which lead to the opportunity to experiment on the asymmetric 

ligand and test its reactivity towards the N-alkylation reaction as was performed by 

Hultzsch et al. 

 

 

 Figure 1. 21 - summary of the reaction reported by Hultzsch 2019 [3]. 
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Another milestone for the N-alkylation reaction was achieved by Hultzsch group 

in 2019. They were able to achieve full conversion with relatively mild conditions. They 

achieved the optimal condition using 1.1 mmol of aniline, 1.0 mmol of benzyl alcohol, 

0.25 mol% loading of the manganese catalyst,  and 40 mol% loading of the Base KH in 

DME for 24 hours at a temperature of 60°C. The reaction performed by the combinatorial 

approach, where they added the ligand and the metal precursor directly in the reaction 

chamber, allowed the catalyst to form in situ with the reaction [3]. 

With the trending publications that target the reaction using the seventh group’s 

transition metal manganese, the question that presents itself is how would the rhenium 

complex have behaved if treated similarly as the manganese? After a lengthy 

investigation, not many works were encountered referencing the rhenium pincer complex, 

except the work reported by Kirchner (2018). 

 

Figure 1. 22 - summary of the reaction reported by Kirchner 2018 [15]. 

Kirchner was able to obtain the PN3P rhenium pincer complex. Although the 

reactivity is high, it has poor selectivity towards either the amine or the imine in closed 

system. However, they were able to obtain a 69% yield of the amine compared to a 27% 

yield of the imine. In the same paper, they were able to achieve greater than 99% imine 
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after performing the reaction in an open condition using a Schlenk line. For the 

optimization of the reaction, they used 4-toluidine as the standard substrate instead of 

aniline. The optimal condition for the reaction was 0.02 mol% of the catalyst and ten 

moles% of the base (KH) in toluene at a temperature of 120°C in six hours [16]. 

 It was previously illustrated that the manganese pincer complexes have been 

studied extensively, and not many groups have turned their eyes to rhenium in seventh 

group. Therefore, it was decided to test the rhenium reactivity towards the N-alkylation 

reaction via dehydrogenative coupling of alcohol and amines. In this work, Re(CO)5Cl 

will be used as our rhenium precursor. Since there is no other unsymmetrical rhenium 

pincer ligand complex that has been reported, it was decided to investigate the PN3 

bipyridine pincer ligand, as shown in the Figure 1.23 below. 

 

 Figure 1. 23 - PN3 bipyridine ligand 

At first, it was decided to test the reactivity by performing the reaction using the 

combinatorial approach to make sure that there was merit in synthesizing the rhenium 

pincer ligand. In doing so, the complex was synthesized, as will be detailed in Chapter 2. 

Afterwards, the optimal reaction condition was achieved, and the substrates scope was 

further examined with up to 17 different substrates, which will be discussed in chapter 3. 



33 
 

 

 

Chapter 2: synthesis of the well-defined PN3 rhenium pincer complex. 
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2.1 Introduction: 

With the increasing interest of the pyridine backboned PNP catalyst, a general 

method for the PNP synthesis is required to satisfy the consumption of the pincer ligands 

for further experimentation. Several procedures have been reported for the PNP ligands 

synthesis, especially the early model with the carbon (CH2) as the spacer, which currently 

known as the Milstein type pincer complex catalyst. The method reported by Milstein in 

2002 as following. 

 

Figure 2. 1 – a synthesis scheme for the PNP pincer ligand by Milstein 2002 [17]. 

According to Milstein’s method, two equivalence of the Di-tert-butylphosphine 

was added to a suspense of 2,6-bis(chloromethyl)- pyridine in methanol. The mixture 

heated to 45°C for two days. Then, the mixture cooled down to room temperature, and 

triethylamine was added. After that, a white precipitant formed, and then the compound 

was isolated with a column. As a result, 79% yield was achieved [17]. 

Another method was reported by Motoi Kawatsura and John Hartwig in 2001, 

which was reported as following: 

 

Figure 2. 2 - a synthesis scheme for the PNP pincer ligand by Kawatsura and John 

Hartwig 2001 [18] 
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According to Kawatsura and Hartwig’s method, To a solution of 2,6-lutidine in 

ether, 2.05 equivalence of n-Butyllithium was added dropwise at a temperature of 0°C; 

then, the reaction mixture was cooled to -78°C and mixed for 15 hours. After that, the 

reaction cooled down to room temperature and two equivalence Di-tert-

butylchlorophosphine was added slowly. Then, the reaction quenched with water and 

extracted with ether and the pure product obtained by the recrystallization at -35 °C and 

the yield was 55% [18]. This method was preferred due to its superiority in terms of 

reaction time. 

Although many methods were developed to synthesize the PNP pincer ligand with 

carbon as the spacer, not many reported for a different type of spacers such as nitrogen. A 

method to synthesize the PN3P pincer ligand was developed by Kirchner and co-workers 

in 2006 as follows: 

 

Figure 2. 3 - a synthesis scheme for the PNP pincer ligand by Kirchner 2006 [19] 

  To a solution of 2,6-diaminopyridine in toluene, added two equivalence of 

triethylamine. Then, the temperature was cooled to 0°C, and two equivalence of Di-tert-

butylchlorophosphine was added slowly, followed by further cooling to the mixture to -

78 and adding two equivalence of n-butyllithium slowly, which then the mixture was 

stirred overnight under 80°C. they were able to achieve a 73% yield for this reaction. 

Moreover, the same method could be performed for a variety of alkyl groups attached to 
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the phosphine. Since then, this method was considered to be the standard method to 

synthesize the PN3P ligand [19]. 

 However, the desired ligand is a bipyridine type ligand with a phosphine sidearm, 

as shown in figure 1.23. The synthesis method was patented by Huang group and also 

reported by Gong group [20, 21]. This method was the method used for this project, as 

explained bellow. 

2.2 Synthesis of the bipyridine-tertbutyl ligand: 

 

Figure 2. 4 – the synthesis scheme for the PN3 bipyridine ligand 

As described by Huang et al, the synthesis was conducted as following: (8.07 g, 

47.1 mmol) of the [2,2'-bipyridin]-6-amine was added in toluene. Then, the mixture was 

cooled down to 0°C, and ( 8.95 mL, 47.1 mmol) of Di-tert-butylchlorophosphine was 

added slowly to the reaction mixture. Upon further cooling to -78°C, n-BuLi (18.8 ml, 

2.5 M) was added dropwise. The mixture was allowed to reach room temperature and 

then heated to 80°C overnight. The mixture was filtered, and then the solvent removed. 

The resulting solid was purified by column chromatography using 20:1 DCM and 

Methanol. The resulting yield was (9.8 g, 66%yeild). And the elemental analysis is 

reported in 2.3.[21] 
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2.3 Analysis of the result and NMR data: 

 

Figure 2. 5 - 31P{H} NMR for the Rhenium complex 

The phosphine NMR shows a clean single peak that corresponds to the phosphine side 

arm of the complex. This result was also verified by the finding of the previous paper that 

was reported for the above ligand by Huang et al. [21] 
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Figure 2. 6 - proton NMR for the Rhenium Complex, # unidentified impurities 

 

From the previous analysis, it can surely be said that the product is pure enough to 

move forward to the next step of the synthesis of the rhenium complex. 

2.4 Synthesis of the rhenium pincer complex: 

Aspired by Kirchner’s method in the synthesis of the rhenium PN3P-iPr pincer 

complex explained in Figure 1.22, the rhenium complex was synthesized using the 

following general procedure [15]: 
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to the ligand dissolved in THF, one equivalence of Re(CO)5Cl was added and 

stirred at room temperature. The solvent removed, and the product was washed with n-

pentane.  

 

Figure 2. 7 - the synthesis scheme for the PN3-Re complex 

2.5 Rhenium complex elemental analysis and Crystal structure: 

 

 

Figure 2. 8 - proton NMR for the Rhenium Complex 



40 
 

 

Figure 2. 9 - 31P{H} NMR for the Rhenium complex 

The most remarkable observation is that the major peak of the phosphine group 

had not shifted downfield as expected when the phosphine sidearm coordinates with the 

metal center. Therefore, the complex formed need to be visualized even further. Thus, a 

single point X-ray diffraction analysis was performed. The result shows the following 

complex:  

 



41 
 

 

Figure 2. 10 – XRD crystal structure for the rhenium complex ( details in appendix A) 

The crystal structure agrees with the NMR data. The phosphine peak did not shift 

downfield because the phosphine ligand was not attached to the metal center. This 

illustrates that the pincer complex that was synthesized did not necessarily resemble the 

pincer ligand complex model. Details of the geometric parameters are listed in appendix 

A. 

In conclusion, although the protonated form of the pincer ligand was not obtained, 

a well-defined complex structure is synthesized. Furthermore, it can catalyze 

dehydrogenation reaction as discussed in chapter 3. 
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Chapter 3: N-alkylation reaction via dehydrogenative coupling of 

alcohol and amines optimization and scope 
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3.1 Methods: 

The methods for the N-alkylation reaction was performed in two ways. First, the 

reaction was performed using the combinatorial approach. The combinatorial approach is 

defined by combining the ligand and the metal precursor insitu prior to the addition of the 

substrates. The combinatorial approach was used to determine whether the rhenium 

pincer complex would have a valid reactivity to the N-Alkylation via dehydrogenative 

coupling before synthesizing and isolating the rhenium pincer complex.  The 

measurement of the valid reactivity was only defined by the conversion of the substrates. 

This method provides a way to test the reactivity of several pairs of metal precursors and 

ligands before isolating the complexes and allows us to test the reactivity of several 

complexes that prove to be difficult to isolate in the future. Secondly, after the reaction 

proved its value with the rhenium complex, the rhenium pincer complex was synthesized 

and used for the typical optimization of the conditions. 

3.1.1 The combinatorial method: 

In 25 ml Schlenk flask added the desired amount of the Re(CO)5Cl followed by 

bipy-tBu and the desired base. Then, 0.5 mL of the solvent (THF) was added and stirred 

for 3.5 h under room temperature. Next, benzyl alcohol (0.52 mL,0.54 g, 5 mmol) was 

added dropwise. After that, the hydrogen was allowed to evolve for three minutes, and 

the aniline (0.475 mL, 0.489 g, 5.25 mmol) was added subsequently. After all of the 

substrates was added, the Schlenk flask sealed and put to the desired temperature in an oil 

bath for the desired number of Hours. The conversion was conducted using the MS-GC. 
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3.1.2 The optimized reaction method: 

In 25 ml Schlenk flask, the desired amount of the rhenium complex (4.1 mg, 6.58 

µmol) and the base were added. Then, 0.5 mL of the solvent (toluene) was added and 

stirred. Then, benzyl alcohol (0.02 µL, 1.974 mmol, 3 eq) was added. After that, the 

aniline (0.06 mL, 0.658 mmol) was subsequently added. Next, the Schlenk flask was 

sealed and put to the desired temperature in an oil bath for the desired number of Hours; 

moreover, the reaction under the open system was conducted in a round flask attached to 

a flux connected to a Schlenk line. The conversion was conducted using the MS-GC.  

3.1.3 Method of analysis: 

The method of analysis mostly relies on MS-GC with a GC system model Agilent 

7890A and a detector system model Agilent 5975C TAD series GC/MSD system. The 

method of the GC-MS is listed below: 

The injection volume is 0.1 µL Temperature 75 °C for one minute; then, 25 °C to 

280 °C for four minutes. Also, flash chromatography was used to obtain the yield. The 

neutral Al2O3 powder was used due to the sensitivity of imine and amine to acidic silica 

gel. 

3.2  Discussion and Results: 

3.2.1 Optimization of the reaction: 

Aspired by the work of Hultzsch 2019, the reaction was performed under a 

combinatorial approach to verify the rhenium pincer complex reactivity towards the N- 

alkylation reaction via dehydrogenative coupling as described in 3.1.1. After the 

reactivity was verified, further optimization was performed with the synthesized pincer 

complex using the method described in 3.1.2. First, the optimization of the temperature 
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and the solvent was examined. After determining the optimal temperature and solvent, 

the screening of the base and the base loading was performed, and the optimal base was 

achieved. Furthermore, the reaction was examined under different times to achieve the 

optimal time for the reaction with six hours intervals. Finally, the study of the alcohol to 

amine ratio was studied, and the optimal ratio was achieved. 

3.2.2 The combinatorial approach results: 

The observations after implementing the combinatory approach can be 

categorized into three parts. The first part details the effect of milder conditions on 

convergence. This is followed by the behavior of conversion when introduced to harsher 

conditions. Due to how harsher conditions affect the conversion, secondary results related 

to how conversion influences selectivity towards the amine will also be described.  

The first trial was centered around the effects of milder conditions on 

convergence.  Figure 3.1 displays the reaction with a mild condition.  For example, 

loading of 0.25 mole% of both the ligand and the metal precursor Re(CO)5Cl as 

described below: 

 

Figure 3. 1 – combinatorial reaction explains the first trial 
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When the reaction was performed, a conversion rate of 12 percent with a 

selectivity leaning towards the imine was observed as detailed in Table 3.1 below: 

Conversion  Yield A Yield B 

12% 63% 37% 

 Table 3. 1– the results for the previous reaction. 

 

Afterward, the test incorporated harsher conditions, defined by the increased 

loading of the ligand and the metal precursor to three mole% and increased temperature 

from 60°C to 100°C for 48 hours as presented in Figure 3.2 below: 

 

Figure 3. 2 - combinatorial reaction explains the second trial 

Therefore, harsher conditions resulted in higher conversion, and conversely, 

milder conditions resulted in lower conversion. In the end, harsher conditions resulted in 

a rate of greater than 99 percent, with only the amine as the product.  This relationship is 

demonstrated in Figure 3.3 below: 
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 Figure 3. 3 – GC-MS result for the second trial 

 Aside from increasing the magnitude of several conditions at once, base and 

catalyst loading similarly affected conversion. In both instances, when base and catalyst 

loading was increased, the conversion also increased, as illustrated in Table 3.2. 

increasing the base loading in entry 3 to 5 have resulted in the increase of the conversion; 

furthermore, the increase of the catalyst from one to three mole% loading in entry 6 and 7 

resulted in the increase of the conversion by almost 20% compare to entry 3 and 5 as 

described in the table. Lastly, a third variable was also noted as having a positive effect 

on conversion, molecular sieves. Therefore, when water was removed from the system, 

the conversion improved (entry 3,8.) 
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Table 3. 2 – screening for the combinatorial approach for the N-alkylation reaction  

A final observation was the secondary consequences of increased conversion. The 

first consequence was an increase in the selectivity of the amine. For example, in the 

second trial with a harsher condition, the selectivity towards the amine has increased 

significantly to 100% as described in Figure 3.3; furthermore, the result from this table 

illustrates the observation that with the increase of the conversion, the selectivity of the 

amine also increased (entry 6,7 and entry 3-5).  

 The results of the combinatorial approach provided us with enough information to 

understand the behavior of the catalyst and the reaction. First, the validity of the catalyst 
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was confirmed. Secondly, the selectivity of the products can be explained. Third, the 

improvement of the conversion related to the increase of the base and the catalyst's 

loadings are discussed. 

 After achieving the full conversion in the second trial, it is confirmed that the 

catalytic activity can reach to a full conversion under reasonable conditions worth 

reporting. Therefore, the catalyst was synthesized and isolated for further analysis.  

 After confirming the validity of the reaction, the selectivity towards either imine 

and amine is understood. The selectivity towards the amine is correlated to the 

conversion due to the production of the hydrogen in the first step of the reaction that is 

explained in figure 1.15. For example, with increased hydrogen partial pressure, the last 

step of the reaction will occur at a higher rate increasing the selectivity of the amine.  

 It is understood that the selectivity can be related to conversion; in addition, the 

correlation of the conversion with the increased base and catalyst loading is explained as 

well. The role of the base is to activate the catalyst by dearomatizing the spacer, as 

explained in chapter 1. Therefore, increasing the base and the catalyst loadings will 

increase the concentration of the dearomatized species in the system, improving the 

conversion. Furthermore, water molecules perform the opposite effect as the base by 

rearomatizing the spacer, which deactivates the catalyst. Therefore, the addition of the 

molecule sieves removes water from the system, improving the concentration of the 

activated catalyst species in the system. 
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3.3 Optimization of the temperature and solvent: 

After synthesizing the crystals, as explained in chapter 2, the optimization on the 

newly synthesized metal complex was performed, as explained in section 3.1.2. However, 

the optimization starts with low base loading (as low as 10%.) then, the results for 

different solvents explained; furthermore, the optimized heat condition with lower 

consumption of base was investigated. 

 

Table 3. 3 – optimization table for the temperature and the solvent. With a ratio of 3:1 of 

alcohol to aniline 

First Noticeable outcome is the switching of the major product from amine to 

imine due to the scale down of the reaction with the same 25ml Schlenk flask which 

possibly caused by the lowering of the amount of hydrogen pressure released from the 

reaction due to the scale down causing the hydrogenation reaction to occur slower 

favoring the imine over the amine. 
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Given the table above, the solvent THF was compared with toluene (Entry1 and 

2). The toluene as expected had provided the superior outcome in terms of the 

conversion; however, the conversion of entry 2 was not a satisfying result; therefore, the 

reaction was performed in an extended number of hours, hence, entry 3. However, entry 3 

has proven that increasing the time duration of the catalyst has low significance on the 

outcome of the conversion. Therefore, the temperature was increased in entry 4 and entry 

5. As stated in the table, 140 °C has a significant increase in the conversion of the 

reaction; thus, 140 °C was confirmed to be the optimal temperature for the given 

conditions. Moreover, the temperature was not increased further as more heat could 

defeat the purpose of finding the optimal condition as mild as possible. 

3.4 Optimization of the Base and the base loading: 

After screening establishing the temperature and the solvent for the reaction, 

further optimization of the base was performed. First, the different bases were tested 

under 140 °C, and most of the bases performed well. Therefore, the bases was studied 

under a lower temperature to achieve the optimal results at milder conditions.   



52 
 

 

Table 3. 4- optimization table for the Base. With the ratio of 3:1 of alcohol to aniline 

 In the table above, different bases and base loading were examined to decide the 

optimal base to be chosen. KH was the least performing base with the conversion of 83 % 

as the other bases performed very well and provided conversions over 90% ( Entry 1-4). 

the increase of the base loading was examined at entry 5; however, increasing the loading 

of the base did not provide the desired outcome due to the insignificant increase in the 

conversion. Therefore, the optimization of the base was performed under higher loads of 

base at a lower temperature.  
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Table 3. 5 - optimization table for the base and base loading. With the ratio of  3:1 of 

alcohol to aniline 

At a temperature as low as 100 °C, the reaction was performed on several bases 

with base loading as high as 50 mole percent. Interestingly, the base KH performed much 

better than other bases at similar loading (entry 1-3.) however, the sodium hydroxide was 

very attractive base due to its low price; as a result, the sodium hydroxide loading was 

increased to obtain better conversion; surprisingly, the lower conversion was obtained 

(entry 3.) this could be explained by the formation of water due to the nature of the base. 

For example, the rule of the base is to undergo deprotonation; but, the outcome of the 

deprotonation of each base differs. The outcome of the potassium hydride when it 

deprotonates is hydrogen gas, and the outcome of the potassium tert-butoxide is tertbutyl 

alcohol while the outcome of sodium hydroxide is water.as suggested before, water could 
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hinder the reactivity in the system. Therefore, potassium tert-butoxide was chosen as the 

optimal base due to its conversion is not so far from the potassium hydride. Moreover, 

potassium tert-butoxide is easier to handle than potassium hydride. After that, the 

reaction must be pushed slightly by increasing the temperature; thus, the temperature  

was increased to 120 °C, and full conversion was obtained (entry 5.) Then, the loading of 

the base was decreased to 40 mole%, and 100% conversion still obtained (entry 6); 

however, a further decrease in the loading resulted in lowering the conversion. 

3.5 Optimization of reaction time: 

After establishing the base and the base loading of the catalyst, further investigation of 

the optimal time of the reaction is needed. 

 

 Table 3. 6- optimization table for the number of hours at 6 hours intervals. With 

the ratio of 3:1 of alcohol to aniline 

In the table above, the reaction time was optimized in six hours intervals. In entry 

1, the reaction clearly occurs mostly in the first six hours resulting in a conversion of 
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87%. Further sampling of the same reaction chamber at different times has been taken. 

The outcome of this study is that 24 hours is the optimal time, although 18 hours is fairly 

close. The selectivity change is due to the opening and closing of the reaction flask that 

might result in the release of the produced hydrogen gas.  

2.6 Optimization of alcohol equivalence: 

After achieving the optimal time for the reaction, further study of the ratio of 

alcohol to amines was studied. 

 

Table 3. 7 - optimization table for the alcohol equivalence. 

In the table above, the lowering of the equivalence amount of alcohol was studied 

for this reaction (entry 1-3). When the amount of base was decreased to 1.5 equivalence, 

the conversion has severely decreased to 75%. Furthermore, entry 3 conversion has a 

similar result as entry 2 (73%). Therefore, the entry of three equivalence of alcohol was 

chosen as the optimal condition. 
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3.7 summary of the optimization: 

After achieving the optimal condition, the whole optimization results can be 

summarized into one table below. 

 

Table 3. 8 – optimization of the reaction using 0.658 mmol of aniline or 60.0 µL. a) the 

conversion was calculated using o-xylene as an internal standard based on aniline. b) the 

reaction performed under open condition. The optimal condition is entry 6  

 

Furthermore, the optimal reaction at an open condition was investigated to alter 

the selectivity of the reaction (entry 13.). The full conversion was achieved, and the 
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selectivity was successfully controlled to obtain imine as the major product with the 

selectivity of 98%.  This is the highest selectivity of imine obtained so far. 

  

3.8  The reaction scope: 

After achieving the optimal condition, the substrate scope was further examined. 

First, the scope of alcohol was examined with a wide range of substrates. Secondly, the 

scope of the amines was examined, which provided very interesting reactivities. The 

following conversion and ratio are based on the GC-MS result. Selective reactions with 

high selectivity were chosen for the NMR data. 

 

3.8.1 The alcohol screening: 

The scope of the alcohol was examined in this section. First, the aliphatic alcohols 

were studied for this reaction; however, they provided interesting side products that 

might due to side reactions occurred in the system. Secondly, the halide substituted 

benzyl alcohol was examined, and the results show a selectivity toward the meta 

substituted halides. Finally, the methoxy substituted benzyl alcohol was examined; 

however, the position of the methoxy did not alter the conversion. Further examination of 

the secondary alcohol was performed; however, the reaction performed poorly. 
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Conversion: 30%  

according to GC-MS, only one product observed 

 

Conversion: 66% 

according to GC-MS observation, the ratio of A to other side products is 73%, and 

an interesting product was further obtained of a side product B (6%), proving the 

possibility of the condensation reaction of two acetaldehydes 
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Conversion: 83% 

according to GC-MS observation, the ratio of the major product to other side 

products is77%. The result for the GC-MS was not clear due to the many side product 

available in the system, which also due to the side reactions of the two aldehydes. 

The reactions of the aliphatic primary alcohols were proven to be a very messy 

reactions. First, due to the high ratio of alcohol to amines. Secondly, aliphatic alcohols 

are dehydrogenated to primary aldehydes, which make the neighboring proton acidic, and 

it can get deprotonated. The deprotonated carbon can attach the electrophilic site in the 

carbonyl, and due to the reaction workup, it gets dehydrated, and the carbon-carbon 

double bond is formed as explained in the mechanism below.  

 

Figure 3. 4 – the mechanism for the side reaction that could occur in the system 

This product could introduce another possible reaction, such as Michael's addition 

instead of the dehydration and the formation of the imine, as discussed in Figure 3.4. 
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Conversion:33%  

with the ratios of A 97% B:3%. When tertiary carbon was used next to the 

aldehyde group, although the reaction performed in low conversion. The product was not 

messy, and two defined peaks were observed clearly in the GC-MS for both A and B in 

this reaction. This illustrates that the low conversion might be caused by the steric 

hindrance that slows down the hydrogenation of the alcohol. This could also be the case 

with the high selectivity for the imine, which is due to the steric hindrance, it could not 

get hydrogenated. 

 

Conversion: 82% 

according to GC-MS observation, the ratio is A to B is 80% and 20%, respectively. 
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Conversion:99%   ratios: A 74% B: 26% 

 

Conversion:66%   ratios: A: 84% B:16% 

 

For the reactions with the aromatic alcohols. The results were similar to the 

optimized reaction in terms of selectivity. The reaction five has a conversion that is 

slightly lower, which could be caused by the effect of the electron-withdrawing group at 

the para position. However, when the fluorine is in the meta position, the reaction 

performed exceptionally with a conversion of 99%. When the halogen (chlorine) was 

placed in the ortho position, the conversion got significantly low, which is due to the 

satiric effect and the electron-withdrawing group at the ortho position, given that in the 

aromaticity the para and ortho positions give similar electronic effect in the aromatic ring. 
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Conversion:92%   ratios: A 83% B:17% 

 

Conversion:91.4%   ratios: A 85.5% B:14.5% 

 

Conversion:20%   ratios: A 18% B: 82% 

The methoxy as the substituent was investigated in reaction eight and nine. The 

substitution position did not cause any significant difference in terms of conversion or 
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selectivity. However, the reaction was performed with secondary alcohol, but the 

conversion was significantly low due to the satirical hindrance.  

3.8.2 The amines screening: 

The scope of the amines was examined in this section. First, the methyl-

substituted aniline in the ortho-position was tested. Secondly, the halide substituted 

aniline was examined for this reaction with chlorine as the halide. Finally, further 

examination of the amine scope was performed for nonaromatic amines, benzylamine, 

and 1-aminohexane. 

 

 

 

 

 

Conversion:83.9%   ratios: A 99.6% B: 0.4% 
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Conversion:78%   ratios: A 99.3% B:0.7% 

 

For reactions one and two. The methyl in the ortho position in the amine perform the 

reaction in a relatively lower conversion compare to the aniline. When the substitution is 

ethyl; instead, the conversion did not change significantly, but the effect of satirical 

hindrance was visible. In both cases, the reaction was very selective to the imine with 

above 99% selectivity, which might be explained by the steric hindrance effect to the 

hydrogenation step. 

 

Conversion:>99%   

The ratio for reaction three is unclear to ambiguous peaks. However, the 4-vanylaniline is 

relatively unstable, and it could have been decomposed during the reaction. 
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Conversion:89%   ratios: A 56% B: 44% 

 

Conversion:65%   ratios: A 72% B: 28% 

For reactions 4 and 5, the aniline was substituted with chlorine. The p-Chloroaniline 

gives a relatively lower conversion of 89 %. However, interestingly the ratio was almost 

55 and 45 % for imine and anime. For the ortho-chloroaniline the conversion got lower 

significantly due to the steric hindrance. 

 

Conversion:>99%   ratios: A 100% B: 0% 
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Interestingly, when the benzylamine was introduced to the reaction, the conversion has 

gone relatively high, but the most Noticeable outcome is that the reaction was very 

selective to the imine even with a sealed reaction chamber. 

 

Conversion:>99%   ratios: A 100% B: 0% 

Similarly, the reaction with the 1-aminohexane provided a very high conversion 

with a very selective outcome towards the imine. 

The substrate scopes can be summarized in two tables, as shown below: 
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Table 3. 9 – screening of the alcohol substrates using 0.658 mmol of aniline or 60.0 µL 

and 3 eq of the alcohol.  
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Table 3. 10 – screening of the amines substrates using 0.658 mmol of the amine and 3 eq 

of benzylalcohol. a) is unclear to ambiguous peaks for the product 
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 Conclusion 
 

In conclusion, the synthesis of a well-defined rhenium complex was achieved with 

potential catalytic value. The new complex is not a typical pincer complex as it needs to 

be dearomatized to act as a tridentate ligand, as proven by the NMR spectra.  

 

Figure 4. 1 – comparison of the current work  

As shown above, figure 3.5, the rhenium pincer complex synthesized at this work 

have a unique deformity compare to the PN3P type rhenium pincer complex that was 

synthesized by Kirchner 2018. The phosphine sidearm for the complex that is synthesized 

at this work is not attached to the metal center, as can be seen with Kirchner 2018. That 

might be due to the sterical constrain of the phosphine substituent, the tertbutyl. 

Furthermore, optimal reaction condition was achieved using benzyl alcohol and 

aniline as the standard substrates, although the optimal reaction is not as mild as the 

reported catalysts for the same reaction. For example, the recent papers published by 

Hultzsch 2019 and Kirchner 2018 are the state-of-the-art catalysts for this specific 

reaction for both manganese and rhenium based pincer complex. Both of these catalysts, 

Hultzsch 2019 and Kirchner 2018, perform the reaction of the N-alkylation in a milder 

condition compare to this work. The relatively lower reactivity of our system might be 
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due to the sterically constrained ligand that hinders the accessibility of the substrate to the 

metal center.; however, the reaction was performed in a large scope, and its performance 

ranged from good to moderate except for the secondary alcohols. 

Further work could be done to screen different ligands and metal precursors then 

synthesize the complex as needed when it proves its catalytic value. This proves to be a 

very useful method that could save time when the main goal is to achieve the best 

reactivity. Also, some complexes are not very stable; however, their catalytic value is 

very high; therefore, the combinatorial approach can be useful for such types of 

complexes. 
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Appendices 

 
Appendix A: Crystallography Details: 
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Following the geometric parameter: 

The bond length listed below with the unit of (Å): 

Re1—Cl1 2.4698(6) N1—C1 1.363(3) 

Re1—N3 2.1745(17) C6—C5 1.476(3) 

Re1—N2 2.2276(17) C6—C7 1.393(3) 

Re1—C13 1.916(2) C5—C4 1.380(3) 

Re1—C12 1.914(2) C1—C2 1.415(3) 

Re1—C11 1.916(2) C2—C3 1.366(3) 

P1—N1 1.726(2) C3—C4 1.393(3) 

P1—C15 1.875(3) C15—C19 1.532(5) 
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P1—C14 1.856(3) C15—C20 1.516(4) 

O3—C13 1.152(3) C15—C21 1.539(5) 

N3—C6 1.352(3) C7—C8 1.383(3) 

N3—C10 1.350(3) C10—C9 1.385(3) 

N2—C5 1.372(3) C9—C8 1.388(3) 

N2—C1 1.355(3) C17—C14 1.553(5) 

O2—C12 1.152(3) C14—C18 1.542(4) 

O1—C11 1.150(3) C14—C16 1.528(5) 

 

The angles are listed below with the unit of degrees (°): 

N3—Re1—Cl1 84.23(5) N3—C6—C5 115.86(17) 

N3—Re1—N2 74.93(7) N3—C6—C7 121.17(19) 

N2—Re1—Cl1 83.81(5) C7—C6—C5 122.96(18) 

C13—Re1—Cl1 91.68(7) N2—C5—C6 116.48(18) 

C13—Re1—N3 174.56(8) N2—C5—C4 123.0(2) 

C13—Re1—N2 108.27(8) C4—C5—C6 120.48(19) 

C13—Re1—C12 81.04(9) N2—C1—N1 118.46(18) 

C13—Re1—C11 89.37(10) N2—C1—C2 121.42(18) 

C12—Re1—Cl1 92.83(8) N1—C1—C2 120.12(19) 

C12—Re1—N3 95.54(8) C3—C2—C1 119.3(2) 

C12—Re1—N2 170.13(8) C2—C3—C4 120.1(2) 

C11—Re1—Cl1 175.68(7) C19—C15—P1 108.2(3) 
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C11—Re1—N3 94.97(8) C20—C15—P1 117.91(19) 

C11—Re1—N2 91.88(8) C20—C15—C19 109.3(3) 

C11—Re1—C12 91.47(11) C20—C15—C21 108.5(3) 

N1—P1—C15 100.81(12) C21—C15—P1 104.1(2) 

N1—P1—C14 99.98(13) C21—C15—C19 108.5(4) 

C14—P1—C15 112.33(14) C8—C7—C6 119.6(2) 

C6—N3—Re1 117.75(13) C5—C4—C3 118.3(2) 

C10—N3—Re1 123.35(14) N3—C10—C9 122.5(2) 

C10—N3—C6 118.87(18) C10—C9—C8 118.7(2) 

C5—N2—Re1 114.81(14) C7—C8—C9 119.1(2) 

C1—N2—Re1 127.34(13) C17—C14—P1 107.0(3) 

C1—N2—C5 117.83(17) C18—C14—P1 117.7(2) 

O3—C13—Re1 173.19(19) C18—C14—C17 110.3(3) 

O2—C12—Re1 177.3(2) C16—C14—P1 104.0(2) 

C1—N1—P1 125.37(15) C16—C14—C17 110.6(4) 

O1—C11—Re1 177.4(2) C16—C14—C18 107.1(3) 

 


