
ABSTRACT 

BROWN, CALEB ALEXANDER. Insertion and Frustrated Lewis Pair Chemistry of Rhenium 

(III) and Rhenium (V) Alkyl and Hydride Complexes. (Under the direction of Elon A. Ison). 

 The major focus of this document is twofold: to study the mechanism for the insertion of 

unsaturated substrates into rhenium alkyl and hydride bonds, and to explore the use of Re(III) and 

Re(V) complexes as the Lewis acidic component of frustrated Lewis pairs for catalytic 

hydrosilylation. Detailed study of insertion into Re alkyl and hydride bonds revealed important 

insights for tuning and improving the insertion of unsaturated molecules into metal alkyl and 

hydride bonds, which is an important elementary step in a wide variety of industrially relevant 

processes. Expanding on previous studies of incorporating oxorhenium complexes as the Lewis 

basic component of a frustrated Lewis pair for hydrogenation catalysis, the use of Re(III) 

complexes bearing tridentate ligands as the Lewis acidic component of frustrated Lewis pairs for 

catalytic hydrosilylation is described.  

 In Chapter 2 the enhancement of the rate of olefin insertion into oxorhenium(V) hydride 

bonds in the presence of exogenous Lewis acid is described. The addition of strong Lewis acids 

increases the rate of insertion by 13 orders of magnitude relative to the oxorhenium hydride alone. 

Computational studies suggest that this is due to the Lewis acid induced stabilization of charge 

buildup in the insertion transition state. This effect scales with Lewis acidity and is supported by 

experimental evidence. 

 Chapter 3 focuses on the insertion of CO and isonitriles into Re(III) and Re(V) hydride and 

alkyl bonds to generate rhenium acyl and rhenium imine complexes. These high valent acyl and 

imine intermediates exhibit significant nucleophilicity at the heteroatom and can subsequently 

treated with Brønsted or Lewis acids to generate rare examples of high valent Fischer carbenes. 

Computational and spectroscopic data supports the assignment of these complexes as being 

electrophilic at the carbene carbon. Additionally we report the correlation of 13C NMR shift to the 

electrophilicity of the carbene carbon. This allows for a computational and spectroscopic handle 

for the further tuning and study of the electrophilicity of carbene carbons in these novel complexes. 

 In Chapter 4, the use of Re(III) complexes bearing tridentate diamido amine (DAAm) 

ligands as the Lewis acidic component of a frustrated Lewis pair for catalytic hydrosilylation is 

described. A detailed mechanistic study supports the assignment of this reactivity as being FLP-



like in nature. Furthermore it is demonstrated that this mechanism is likely quite general to the 

broad range of rhenium catalyzed hydrosilylation reported both by our group and in the literature. 

A computational tool based on energy decomposition analysis (EDA) was used to evaluate Lewis 

pair frustration. This led to the proposal for Lewis Pair frustration to be described as a spectrum 

of activity. These mechanistic insights allowed for the expansion of the substrate scope for rhenium 

catalyzed hydrosilylation to include ketones and nitriles. 

 Finally Chapter 5 describes an experimental and computational study of the sequential 

insertion of CO into Re(III) alkyl bonds to generate Ŭ-dicarbonyl complexes. Synthesis of these 

complexes by sequential insertion is generally considered forbidden due to thermodynamic 

considerations. However spectroscopic and kinetic data suggested that this process may be more 

facile for these rhenium systems. Computational studies supported the presence of Ŭ-dicarbonyl 

complexes in the reaction mixture. The analogous sequential insertion of isonitriles was also 

studied. Single, double, and triple sequential insertion products were isolated from these isonitrile 

insertion reactions. The basis for the isolation of this series of products was studied 

computationally. DFT results suggested that the insertion reaction is sensitive to the sterics of the 

isonitrile. Additionally it was found that the thermodynamic driving force for these insertions 

decreases with insertion number. 
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CH2-), 3.04 (dt, J = 11.5, 5.5 Hz, 2H, MesDAAm ïCH2-), 2.96 ï 2.86 (m, 2H, 
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Chapter 1 General Introduction 
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1.1 Background 

 

The field of organometallic chemistry works to bridge the gap between inorganic and 

organic chemistry. By combining the unique reactivity of metal centers with the modularity of 

organic ligands organometallic chemists are able to tune the reactivity and properties of both 

components. This has allowed for the development of a variety of catalysts for scientifically and 

industrially important reactions, such as olefin polymerization,1 CO2 and CO2
3 activation, and 

olefin hydrogenation.4  Catalytic reactions are themselves important for the development of Green 

Chemistry which seeks to reduce waste by increasing atom economy, reducing byproducts, and 

increasing reaction rates.  

Catalytic cycles, which detail each step of a catalytic process, are analogous to reaction 

mechanisms in organic chemistry. Each step of the cycle represents an elementary reaction, such 

as oxidative addition, migratory insertion, and reductive elimination as illustrated in the catalytic 

cycle for the hydrogenation of olefins by Wilkinsonôs catalyst (Scheme 1.1). 

 

Scheme 1.1 Catalytic Hydrogenation of Olefins by Wilkinsonôs Catalyst. 
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By studying individual steps in a catalytic cycle, much like the study of the elementary 

steps of organic reaction mechanisms, we can gain insight into the mechanism underlying these 

transformations. This information about mechanistic details and fundamental reactivity can be 

used to identify rational design elements of catalytic systems. Rational design is the ultimate goal 

of organometallic mechanistic study. It allows one to improve reactivity, selectivity, or both by 

making changes to the catalytic systems with much greater precision and expedience than iterative 

and undirected catalyst screening. 

 

1.2 Scope 

 

The fundamental goal of this work is to explore the rich chemistry of Re(III) and Re(V) 

complexes in the context of understanding the structure and origin of reactive intermediates. This 

gives us insight into how these complexes can be rationally tuned to improve reactivity, selectivity, 

or to achieve a desired transformation. It is our view that these studies of fundamental reactivity 

and mechanism offer a complement to the existing literature and a pathway for the further 

development of new and existing methodologies. This has been achieved in our lab through the 

cooperative use of Frustrated Lewis Pair chemistry and oxorhenium complexes,5 but we are 

interested in further developing and broadening the scope of these systems. 

Chapters 2 and 3 of this study will focus on the stoichiometric reactions of oxorhenium (V) 

hydrides bearing a diamidopyridine (DAP) ligand (Figure 1.1) with small molecules such as 

olefins and isocyanides. More specifically we will examine how the mechanism for these 

stoichiometric reactions change upon the addition of strong Lewis acids. The aim of this study is 

to gain a deeper understanding of the effect of binding a Lewis acid to the outer sphere in these 

complexes has on reactivity. 

 



4 

 

 

Figure 1.1 Structure of the diamidopyridine (DAP) oxorhenium hydride adducts used in this study. 

 

Chapter 2 focuses on the reactivity of DAP oxorhenium(V) hydride adducts with olefins. 

DAP oxorhenium(V) hydride complexes do not show any reactivity toward olefins on their own. 

However, it was observed that upon addition of a strong Lewis Acid of the form M(C6F5)3 (M = 

B, Al) that an adduct was formed that undergoes a rapid insertion of olefin into the Re-H bond. 

Kinetic studies revealed that this reaction is first order in oxorhenium(V) hydride adduct and 

olefin. The sterics in the 2,6 position of the aryl subtituent on the DAP ligand was shown to be 

strongly correlated with reactivity, with bulkier substituents increasing the rate of reaction. This 

effect was also observed by computational study. The enhancement of reaction rate was also shown 

to be correlated to the strength of the Lewis acid (Al(C6F5)3 > B(C6F5)3). Computational screening 

of Lewis acids confirmed this trend. Natural Bond Orbital (NBO) charge calculations suggest that 

the origin of this enhancement lies in the stabilization of positive charge buildup in the olefin 

insertion transition state by the Lewis acid. Stronger Lewis acids are able to provide more charge 

stabilization and therefore increase the rate of insertion by lowering the energy of the 

corresponding transition state. 

In Chapter 3, a novel method for the synthesis of rare rhenium carbene complexes of high 

and intermediate valency arising from the reactivity of oxorhenium adducts is described. 

Investigation of the reactivity of oxorhenium(V) hydride adducts with isonitriles led to the 

observation of a rare high valent cationic oxorhenium(V) carbene. The counter ion, 

hydroxyl(trispentaflurophenyl)borate, suggested that the reaction proceeds via an iminoacyl 

intermediate that is trapped by an in situ generated Brønsted acid. This was confirmed by reaction 

of the oxorhenium(V) hydride with isonitrile followed by treatment with the strong Lewis acid 



5 

 

methyl triflate to give the oxorhenium carbene. This method was shown to be more general by 

reacting diamidoamine (DAAm) rhenium methyl complexes with isonitrile followed by the 

addition of methyl triflate to give the Re(III) carbene. Reaction of the oxorhenium(V) hydride with 

isonitrile in the absence of exogenous acids yields a oxorhenium hydroxyl complex that is 

proposed to be formed through formation of the iminoacyl intermediate that is trapped as the 

carbene through protonation by water. This is followed by sequential substitution reactions with 

water to release the oxorhenium hydroxyl and the corresponding amine. Both carbene formation 

and substitution reaction pathways were found to be viable by DFT calculation. NBO calculations 

were carried out for a series of rhenium carbene complexes and the carbene carbon is consistently 

found to be electrophilic. The electrophilicity was found to be correlated to the 13C NMR shift of 

the carbene carbon. Furthermore, charge decomposition analysis (CDA) carried out with the 

AOMix software from Gorelsky6 was used to understand the basis of electrophilicity. Systematic 

substitutions at the heteroatom substituent of the carbene carbon allows for effective tuning of 

electrophilicity. The generality of this synthetic method and description of tuning of the 

electrophilicity of the carbene carbon may allow for more detailed investigations of the 

fundamental structure and reactivity of high valent carbenes. 

Chapter 4 examines more outer sphere reactivity arising from the use of rhenium silane 

complexes as Frustrated Lewis pairs (FLP) for hydrosilylation catalysis. Hydrosilylation catalysis 

has been described for both transition metal and main group systems.7 Several mechanisms have 

been described for this transformation, but growing evidence suggests that a mechanism involving 

activation of Si-H bonds via weak ů-coordination may be more prevalent than previously thought.8 

This mechanism was first described by Piers for B(C6F5)3, where the active silylation species is a 

borane-silane complex best described as an FLP.9 Our group has previously proposed this 

mechanism for hydrosilylation catalyzed by cationic C6F5-DAAm Re(III) complexes.10 In this 

chapter we describe a detailed computational study of this mechanism for these cationic complexes 

in addition to benchmarking the BCF catalyzed reaction. We also demonstrated the generality of 

this mechanism by conducting a mechanistic and computational study of the hydrosilylation 

catalyzed by the neutral C6F5-DAAm Re(III) complexes that confirms the FLP-type mechanism is 

consistent across these ligand architectures and present a unified mechanistic view of Re(III) 

hydrosilylation catalysis. Further, we made use of computational results to expand the scope of 
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hydrosilylation to include ketones and nitriles with the goal of developing a general transition 

metal FLP based method for substrate-agnostic functionalization as shown is Figure 1.2. 

 

 

Figure 1.2 Proposed substrate-agnostic functionalization utilizing in situ generated FLPs. 

 

Chapter 5 explores in detail the feasibility of the production of metallo Ŭ-dicarbonyl species 

under carbonylation conditions. Traditionally these species are thought to be inaccessible under 

standard carbonylation conditions, however we have invoked these intermediates to explain the 

formation of formate bridged bimetallic rhenium compounds.11 Our computational investigations 

supported this hypothesis and suggested that these intermediates may be more accessible than 

previously considered. While studying the rapid carbonyl insertion into MesDAAm Re(III) methyl 

complexes we observed kinetic profiles that suggested a sequential process was occurring. 

Computational studies supported the hypothesis that this process was the sequential insertion of 

carbonyls. Attempts to trap the transient species with acetic acid and observe 13C and 1H NMR 

spectra that were consistent with a metallo Ŭ-dicarbonyl were met with limited success. When 

conducting the reaction with 13CO, we were able to definitively assign the NMR signals arising 

from the formation of the Re acyl complex. Analysis of the reaction mixtures revealed the presence 

of the Re alkyl starting material, the Re acyl, and a third Re decomposition product. Based on 2D 

NMR studies and labelling experiments we propose that this species is an asymmetric rhenium 

carbonyl complex formed alongside the release of 2-phenylacetic acid as an organic product. With 

strong spectroscopic evidence for the Re acyl complex in hand, we synthesized the isonitrile 

analogs of the insertion products. We were able to crystallize the single, double, and triple insertion 

products of this reaction. A computational study also revealed that this process is strongly 

favorable and irreversible for isonitriles, while the carbonyl insertion is moderately favorable and 

reversible. Our spectroscopic and computational data suggest that metallo acyl species is readily 

generated under our reaction conditions and may undergo sequential insertion, however 

decomposition is observed over time. These results are consistent with the previous reports of our 
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group and offer initial spectroscopic data that may lead to the more definitive in situ observation 

of metallo Ŭ-dicarbonyl complexes in the future. 
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Chapter 2 Dramatic Increase in the Rate of Olefin Insertion by Coordination of 

Lewis Acids to the Oxo Ligand in Oxorhenium(V) Hydrides 
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2.1 Introduction  

 

One of the primary strengths of homogeneous organometallic catalysis is the ease with 

which steric and electronic factors in the ligand framework can be tuned. Through the judicious 

choice of ligand substitution patterns, organometallic complexes can be altered to display a wide 

range of reactivity and selectivity. This has been the general approach for exploring catalyst 

reactivity for many years. A classic example of this principle is the use of phosphines as ligands. 

Phosphines have tunable steric and electronic properties due to their substituents. In particular aryl 

phosphines are attractive because their electron properties can be reliably altered by making 

substitutions on the aryl rings. A sample of the variety of these ligand types is shown in Figure 

2.1. Both the substituent position on the ring as well as the dominant effect (resonance vs inductive) 

can be used to fine tune these electronic properties.        

 

 

Figure 2.1 A collection of electronically varied phosphines. 

 

Recently the Ison group reported oxorhenium complexes that contained an ambiphilic oxo 

ligand.12 As shown in Figure 2.2 this ligand is reactive towards both Lewis acids and Lewis bases. 

This made it possible to utilize the nature of the oxo ligand to explore new reactivity. We chose to 

investigate the influence that coordinating a Lewis acid to the oxo ligand would have on the 

reactivity of the Re-X bond in these complexes. This represents an opportunity to learn how 

secondary coordination sphere effects can influence reactivity as a compliment to the direct ligand 

tuning effects referred to previously. 
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Figure 2.2 An oxorhenium complex that exhibits an ambiphilic oxo ligand. 

 

Oxorhenium hydride complexes have been of interest for the past 30 years (Figure 2.3), 

with early examples including the synthesis of stable oxorhenium (III) hydride by the Mayer group. 

13 A year later Wojcicki et al. were able to show that cationic oxorhenium (V) hydrides could 

catalyze oxygen atom transfer reactions.14 Additionally, both the Abu-Omar and Toste groups 

demonstrated the competency of neutral oxorhenium (V) hydrides for the hydrosilylation of 

benzaldehydes and ketones respectively.15,16  

 

 

Figure 2.3 A selected series of oxorhenium hydrides. 

 

Recently, the Ison group reported the synthesis of oxorhenium(v) hydrides bearing the 

diamidoamine (DAAm) and the diamidopyridine (DAP) ligands (Figure 2.4). The DAP hydride 1 

was shown to be an active hydrosilylation catalyst (Cassandra Lilly, unpublished results), but both 

1 and the DAAm complexes were shown to be unreactive to other small molecules such as CO, 

olefins, and carbonyls.  
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Figure 2.4 Oxorhenium (V) hydrides that have been synthesized and studied by the Ison lab. 

 

However, upon treatment of 1 with B(C6F5)3, a Lewis acid/base adduct 2 was formed as 

shown on the left side of Scheme 2.1. Upon heating, a Frustrated Lewis Pair (FLP) was formed 

from 2, which was shown to react with olefins. This was determined to take place via a novel type 

of outer sphere FLP-type activation of olefins as shown on the right in Scheme 2.1.5 Frustrated 

Lewis pairs are best described as high energy intermediate structures that are primarily associated 

by non-covalent interactions. The lack of covalent interaction between loosely associated strong 

Lewis acids and bases results in an unquenched reactive pocket that is capable of activating small 

molecules such as dihydrogen and olefins. This frustration can be achieved through steric, thermal, 

or electronic means. In the case of the generation of the active FLP from 2, a combination of sterics 

on the ligand favoring Lewis acid dissociation and thermal activation are required. The result is a 

considerably elongated B-O bond in the FLP and the observation of oxo ligand lone pair electron 

donation to the pentafluoro phenyl ring of the Lewis acid. (Joshua Tubb, unpublished results) 

Interestingly, olefin insertion with 2 was also observed at room temperature (Scheme 2.1), 

and no reactivity was observed when a solution of 1 was pressurized with ethylene. This suggested 

that there may be further modulation of the reactivity of 2 by secondary coordination sphere 

interactions. 
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Scheme 2.1 A Summary of the Observed Reactivity of Lewis acid Adducts of DAP Oxorhenium 

Hydrides. 

 

 

Secondary coordination sphere interactions have recently begun to gain popularity as an 

alternative tool for tuning the reactivity of organometallic complexes. The inspiration for this 

approach has its roots in bioinorganic chemistry where there are often many secondary sphere 

interactions present in metalloenzymes. For example, the buea ligand (buea = tris[(N'-tert-

butylureaylato)-N-ethylene]aminato) was designed by Borovick and Shook to mimic some of the 

secondary coordination sphere interactions present in the cytochrome P450 enzymes (Figure 

2.5).17  
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Figure 2.5 The biologically inspired complex synthesized by Borovick and Shook incorporated 

designed H-X interactions to mimic non-covalent interactions proposed to be present in 

cytochrome P450 enzymes. 

 

More recently, there have been a few examples of utilizing secondary coordination sphere 

interactions in synthetic systems. The Schrock group demonstrated that in the presence of 

B(C6F5)3, oxotungsten alkylidene complexes underwent a facile insertion of ethylene, while in the 

absence of B(C6F5)3 no product was detected (Scheme 2.2).18 Furthermore, Bergman and Tilley 

showed that the coordination of Lewis acids to the bipyrimidine ligand of bisaryl platinum 

complexes accelerated the rate of reductive elimination following ligand substitution with alkynes 

up to eight orders of magnitude depending on the strength of the Lewis acid (Scheme 2.3).19 
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Scheme 2.2 Activation of Oxotungsten Alkylidene Complexes upon the Addition of B(C6F5)3. 

 

 

Scheme 2.3 Coordination of Lewis acid to the Bipyrimidine Ligand of Bisaryl Platinum (II) 

Complexes Accelerates the Rate of Reductive Elimination. 

 

 

In order to further understand the role that the Lewis acid plays in modulating the reactivity 

of 1 toward olefins, we carried out a kinetic study to gain some insight into the reaction mechanism. 

Additionally, in order to further analyze the nature of the transition state and the influence of the 

strength and steric bulk of the Lewis acid, we undertook a detailed computational study. This study 

provided insight into the effect of secondary coordination sphere interactions in stabilizing and 

destabilizing the reaction.  

 

2.2 Results and Discussion 

 

2.2.1 Mechanistic Investigation and Kinetic Data 

 

A kinetic study of the insertion of olefin into the Re-H was performed to gain a detailed 

understanding of the reaction mechanism. The combination of 1 and B(C6F5)3 forms 2BCF 
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quantitatively within minutes at room temperature (Scheme 2.4). Complex 2BCF then reacts with 

olefins as shown in Scheme 2.5. Therefore for these kinetic studies, 2BCF was formed in situ and 

rate data were collected at room temperature to get orders with respect to 2BCF and substrate. 1-

Octene was chosen as a model substrate because it is a non-volatile, liquid olefin. No isomerization 

was observed after the reaction was complete. This implies that the reaction is irreversible under 

the reaction conditions since reversible insertion and elimination of longer olefins such as 1-octene 

can result in chain walking and the observation of the branched metal alkyl isomers. 

 

Scheme 2.4 The Formation of Lewis Acid/base Adduct 2BCF from 1. 

 

 

 

Scheme 2.5 The Insertion of Olefin into the Re-H Bond of 2BCF. 

 

 

Order with Respect to 2BCF and 1-Octene 

The order with respect to catalyst and 1-octene was determined using the isolation method. 

A time profile plot was obtained by monitoring the percent conversion of starting material to 

product under a variety of 1-octene concentrations. Percent conversion was determined by 1H 

NMR spectroscopy. As shown in Figure 2.6, product growth is exponential and confirms that the 

reaction has a first order dependence on 2BCF.  
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Figure 2.6 Time profiles for the insertion of 1-octene into 2BCF. Reactions were carried out at room 

temperature using 0.5 mL of a 22.7 mM stock solution of 2BCF in toluene-d8 in a screw cap NMR 

tube. Olefin was added via syringe and the reaction was monitored by 1H NMR spectroscopy. 

   

By varying the excess of 1-octene, three different pseudo first order rate constants were 

extracted (Figure 2.7). The plot of kobs v. [1-octene] is linear, which indicates a first order 
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dependence on 1-octene (Figure 2.7). Furthermore, the rate constant, k2, can be extracted from the 

slope of the plot of kobs v. [1-octene].  

 

 

Figure 2.7 The rate constant k2 was extracted from a plot of kobs vs olefin concentration using a 

linear fit. 

 

Effect of Lewis Acid Strength on Rate 

In order to determine whether the strength of the Lewis acid has any influence on the rate 

of reaction, a time profile plot was obtained by monitoring the percent conversion of starting 

material to product in the presence of Al(C6F5)3 (AlCF). AlCF was chosen for this comparison, 

because while it is sterically comparable to BCF, it is a stronger Lewis acid.20 This allowed for a 

direct determination of how the strength of the Lewis acid affects the reactivity of the Re-H bond.  

Product growth is exponential, however under the same conditions as B(C6F5)3, quantitative 

conversion was observed by 1H NMR spectroscopy within 15 minutes (Figure 2.8). This represents 

a rate increase of four orders of magnitude, suggesting that the strength of Lewis acid is essential 

for stabilizing the rate determining transition state. 

 



18 

 

 

Figure 2.8 Qualitative comparison of the rates of 1-octene insertion for 2BCF and 2AlCF. Reactions 

were carried out at room temperature and monitored by 1H NMR spectroscopy. [Re] = 22.7 mM 

[olefin] = 501 mM. 

  

Effect of Ancillary Ligand on Rate 

In an attempt to contextualize the magnitude of the rate enhancement by coordination of 

the Lewis acid, we compared the rates of two sterically and electronically different DAP 

derivatives. By using the same reaction conditions for the determination of the Lewis acid rate 

enhancement, we are able to make a direct comparison. As seen in the figure below (Figure 2.9) 
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the rate varies within an order of magnitude for the MesDAP and DippDAP (Nikola Lambic) 

derivatives, as compared to a rate increase of four orders of magnitude upon coordination of a 

strong Lewis acid. This suggests that, both the steric encumbrance of the ligand as well as the 

electronic influence of the Lewis acid are contributing factors to rate enhancement. 

 

 

Figure 2.9 Comparison of the experimentally determined rate constant for the insertion of 1-octene 

into 2BCF and 4AlCF. Reactions were carried out at room temperature using 0.5 mL of a 22.7 mM 

stock solution of Re in toluene-d8 in a screw cap NMR tube. Olefin was added via syringe and the 

reaction was monitored by 1H NMR spectroscopy. 

 

 

2.2.2 Computational investigation 

 

After obtaining kinetic data we began a computational investigation to gain some insight 

into the structure of transition state for the olefin insertion reaction. In order to save on 

computational expense BF3 and AlF3 were used to approximate B(C6F5)3 and Al(C6F5)3. Ethylene 
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was also used to approximate 1-octene. Based on previous computational studies performed on 

DAP(O)Re hydride complexes calculations were carried out at the DFT (B3PW91-D3) level of 

theory.5 

 

Calculated Pathway for Olefin Insertion into Re-H Bond of M(C6F5)3 Oxorhenium Adducts 

Pathways for the insertion of ethylene into the Re-H bond of 1, 2BF3, and 2AlF3 were 

calculated with the aim of computationally confirming the influence of the Lewis acid on 

reactivity, as well as, providing more information about the structure of the insertion transition 

state. The resulting pathways shown in Figure 2.10 show a significant lowering of the free energy 

barrier when Lewis acid binds to the oxo ligand, however the ȹȹGÿ for 2BF3 and 2AlF3 is 

significantly smaller than the experimental results would suggest.  

 

 

Figure 2.10 Calculated pathways for the insertion of ethylene into 1, 2ALF3 (blue), and 2BF3 (red). 

 

The calculated pathways for the bulky Lewis acid adducts 2BCF and 2AlCF (Figure 2.11), 

result in pathways with a ȹȹGÿ that is closer to the experimental results. Thus it becomes apparent 

that the smaller Lewis acids may be approaching the limits of rate enhancement for this system. 
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Importantly however, the complexes 2BF3 and 2AlF3 are unable to be accessed experimentally due 

to decomposition.  

 

 

Figure 2.11 Calculated pathways for the insertion of ethylene into 1, 2BCF (green), and 2AlCF  

(yellow) in toluene. 

 

Additionally, the calculated transition states for the insertion of olefin into 2BCF and 2BF3 

are compared in Figure 2.12. There are interesting differences between the structures of these two 

transition states. First, it is apparent that the Re-O-B bond angle is significantly more linear for 

TS1BCF (167 º) than for TS1BF3. (120 º). This result shows that the bulky aryl rings on the M(C6F5)3 

Lewis acids restrict the angle of the Re-O-B bond. The O-Re-CŬ-Cɓ dihedral angle is also 

drastically different for the small MF3 Lewis acids adducts. The dihedral for TS1BCF is 167 º, 

which places the ethylene fragment nearly parallel to the Re-O bond.  However for TS1BF3 the 

dihedral angle is 88 º, which places the ethylene fragment nearly perpendicular to the Re-O bond. 
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Figure 2.12 Comparison of the calculated structures for TS1BCF and TS1BF3 with selected bond 

lengths and angles. 

 

The reasons for these structural differences become apparent when the space filling model 

of TS1BCF and TS1BF3 are inspected as shown in Figure 2.13. The steric bulk of the larger Lewis 

acid restricts of Re-O-M bond angle. This forces a more linear structure which requires the aryl 

rings of the ligand to turn in towards each other to accommodate the pentafluorophenyl rings of 

the Lewis acid, and as a result the pocket where olefin binds is more sterically crowded. By 

comparison, the smaller Lewis acids are bent back from the olefin binding pocket. This allows the 

aryl rings of the ligand to rotate away from each other, and as a result the pocket where the olefin 

binds is less sterically crowded. The parallel transition state was also calculated for the MF3 

systems and was found to be higher in energy than the perpendicular transition state. 

 



23 

 

 

Figure 2.13 Space-filling models of TS1BCF and TS1BF3. 

 

Charge stabilization can explain how the Lewis acid accelerates the rate of olefin insertion, 

and also helps to explain why the dramatic increase in rate observed when moving down the group 

with the M(C6F5)3 complexes is not observed for the MF3 complexes. Natural Bond Order (NBO)21 

charge calculations as implemented in Gaussian 09 were utilized to gain a more accurate picture 

of the charge distribution in a molecule than is obtained through Mulliken population analysis.22 

NBO charge calculations allow us to follow the buildup of charge on individual atoms through a 

reaction, which can yield insight into the electronic nature of chemical processes. This can be done 

for any atom by subtracting the charge in the ground state from the charge in the transition state 

(ȹq = qTS ï qGS). In this work we compared the NBO charge in the ground and transition state for 

both the M(C6F5)3 and MF3 systems. The results of NBO calculations are shown in Table 2.1.  
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Table 2.1 Summary of calculated NBO charges for both MF3 and MB(C6F5)3 (M = B, Al) 

coordinated complexes in the ground state and the transition state. 

Entry Complex Re O B/Al  H 

1 2 0.71 -0.46 - 0.039 

2 2BCF 0.8 -0.57 0.65 0.09 

3 2AlCF 0.8 -0.74 1.66 0.096 

4 2BF3 0.81 -0.62 1.38 0.083 

5 2AlF3 0.74 -0.75 1.98 0.09 

6 TS1 0.59 -0.52 - 0.077 

7 TS1BCF 0.54 -0.63 0.66 0.14 

8 TS1AlCF 0.61 -0.84 1.67 0.11 

9 TS1BF3 0.56 -0.7 1.36 0.28 

10 TS1AlF3 0.53 -0.85 1.95 0.281 

 

From the calculated NBO charges it is clear that there is a buildup of negative charge on 

the oxo ligand (ȹqO) in the transition state. The positive charge on the Lewis acid helps to stabilize 

a larger negative charge on the oxo stabilizing the transition state (entries 6-10). When TS1BCF 

and TS1AlCF (entries 7-8) are compared there is a clear difference in the amount of negative charge 

on the oxo in the transition state. This explains why the AlCF system is so much faster than the 

BCF system. This is not true for the MF3 system. There is significantly more positive charge on 

the Lewis acid for TS1BF3 than for TS1BCF that in turn stabilizes an even larger buildup of charge 

on the oxo ligand (entries 7 and 9). Because of this, when the charge on the Lewis acid for TS1BF3 

and TS1AlF3 are compared the difference is not as pronounced (entries 9-10). The difference in 

positive charge on boron and aluminum for the MF3 system is approximately half that of the 

difference calculated for the M(C6F5)3 for both 2 and TS1. The difference between the buildup of 

negative charge on the oxo ligand in the transition state for the two systems is approximately half 

as well (Table 2.2). The smaller difference in charge for the smaller Lewis acids explains why the 

large difference in rate observed for the M(C6F5)3 system is not observed for the MF3. Since the 

charge on the Lewis acid is similar for the two smaller Lewis acids, there are similar charges on 

the oxo ligands for these complexes, which leads to the observation of similar calculated rates.  
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Table 2.2 Calculated charge buildup and charge differences for the MF3 vs the M(C6F5)3 systems. 

 

 

Computational Evaluation of Ligand Influence on Rate 

In an effort to further corroborate our experimental data the free energy barriers for olefin 

insertion were calculated for a series of substituted DAP derivatives that varied in steric and 

electronic properties. These calculated free energy barriers were then used along with the Eyring 

equation to calculate the rate of olefin insertion. As shown in Figure 2.14 there is not a clear trend 

in the steric profile. As the steric bulk in the 2,6 positions on the aryl rings increases there is not a 

consistent increase or decrease in the calculated rate of insertion. Additionally, there is no trend in 

rate when the electronics of the 4 position is varied from electron withdrawing to electron donating. 

Furthermore, when all steric and electronic variations are considered, the rate only varies over 

about an order of magnitude, which is consistent with what was observed experimentally. 

However, in contrast, calculated rates of insertion for varying steric bulk and strength of Lewis 

acids vary over seven orders of magnitude, which confirms the experimental results obtained and 

further implies that the primary factors influencing the rate of olefin insertion are the strength and 

steric profile of the Lewis acid coordinated to the oxo ligand. 
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Figure 2.14 Calculated relative rates of ethylene insertion into a series of oxorhenium hydride 

complexes. Rates were calculated using the computationally determined free energy barrier and 

the Eyring equation. All rates were then set relative to the free oxo complex 1. 

 

2.3 Conclusions 

 

In summary, the rate law was determined for the insertion of alkenes into a classical 

oxorhenium borane adduct. Experimental and computational studies suggest that while variation 

in the ancillary ligand accounted for rate increases within an order of magnitude, variation in the 

Lewis acid introduced much greater variation in the rate. Furthermore, computational evidence 

suggests that the steric bulk of the Lewis acid has an impact on the magnitude of rate increase. 

NBO charge calculations were also utilized to understand why there is very little rate difference 

when boron and aluminum MF3 Lewis acid systems were employed, while there is a drastic 

difference in rate between boron and aluminum M(C6F5)3 systems. The difference in charge on 

boron and aluminum in the MF3 Lewis acid system is much smaller compared to the M(C6F5)3 

Lewis acid, which results in a similar calculated rate. 
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2.4 Experimental 

 

Computational Methods.  Geometry and transition state optimizations were performed with the 

6-31G(d,p) basis set23 on light atoms, the 6-311G(d) basis set on aluminum and the SDD basis 

set24 with an added polarization function on rhenium.25 Calculations were carried out using tight 

optimization criteria (opt = tight) in the Gaussian 0926 implementation of B3PW9127 on a ultrafine 

integral grid (int = ultrafine). Grimmeôs dispersion correction28 was also employed in all 

calculations. All structures were fully optimized, and analytical frequency calculations were 

carried out 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 confirmed by the 

animation of the imaginary frequency. Energetics were calculated at 298 K with the 6-

311++G(d,p) basis set29 for C, H, N, O, F, B and Al atoms and the SDD basis set with an added f 

polarization function on rhenium using the B3PW91 functional. The energies reported utilize the 

analytical frequencies and zero-point corrections from the gas-phase optimizations and include 

solvation corrections which were calculated using the PCM method,30 with toluene as the solvent 

as implemented in Gaussian 09. 

 

General Considerations. (MesDAP)Re(O)H 1, 2BCF,  2AlCF,31 and Al(C6F5)3
32 were prepared as 

reported in the literature. All other reagents were purchased from commercial sources and used as 

received. 1H, 13C, and 19F NMR spectra were obtained on a Varian Mercury 400 MHz or a Varian 

Mercury 300 MHz spectrometer at room temperature. Chemical shifts are listed in parts per million 

(ppm) and referenced to the residual protons or carbons of the deuterated solvents respectively.  

 

General procedure for collection of kinetic data. A 22.7 mM stock solution of 2BCF was 

prepared by dissolving (MesDAP)Re(O)H 1 (37.3 mg, 6.82 x 10-2 mmol) and B(C6F5)3 (69.9 mg, 

0.136 mmol) in toluene-d8 in a 3.0 mL volumetric flask. The solution was mixed thoroughly for 

15 minutes to obtain 2BCF in quantitative yield. Aliquots (0.5 mL) of the stock solution were then 

placed into screw cap NMR tubes. 1-Octene was then added to the NMR tubes via microsyringe. 

The NMR tubes were then thoroughly mixed and monitored by 1H NMR spectroscopy. Upon 

completion of the reaction the solvent and excess 1-octene were removed in vacuo to give 3BCF. 
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(MesDAP)Re(OB(C6F5)3)octyl. 3BCF. Quantitative conversion of 2 with excess 1-octene was 

observed by 1H NMR spectroscopy during kinetic runs. 1H NMR (toluene-d8, 300 MHz, 300 K, 

ppm): 6.97 (t, 1H, J = 7.8 Hz, pyr-para H), 6.81 (overlapping, m, 6H, Mes-aromatics, pyr-meta 

H), 5.69 (d, 2H, J = 21.3 Hz, pyr-CH2-N), 4.93 (m, 2H, Re-CH2-R), 4.82 (d, 2H, J = 21.3 Hz, pyr-

CH2-N), 2.24 (s, 6H, Mes- CH3), 2.20 (s, 6H, Mes- CH3). 1.29 (m, 8H, octyl), 1.20 (s, 6H, Mes-

CH3) 0.97 (overlapping t, 3H, J = 7.3 Hz, Re-R-CH3), 0.76 (m, 2H, octyl), 0.49 (m, 2H, octyl). 

The signal for the remaining octyl protons could not be resolved because it is obscured by aliphatic 

protons in the 1.5-0.8 ppm region. 19F NMR (toluene-d8, 282.4 MHz, 300K, ppm): -132.6 (m, 6F), 

-158.9 (m, 3F), -165.3 (m, 6F). 

 

(MesDAP)Re(OAl(C6F5)3)octyl. 3AlCF. Quantitative conversion of 2 with excess 1-octene was 

observed by 1H NMR spectroscopy during kinetic runs. 1H NMR (toluene-d8,, 300 MHz, 300 K, 

ppm): 6.97 (overlapping t, 1H J= 7.8 Hz, pyr-para H), 6.84 (m, 4H, Mes-aromatics), 6.77 (d, 2H, 

J = 7.9 Hz, pyr-meta H), 5.63 (d, 2H, J = 21.7 Hz, pyr-CH2-N), 5.27 (m, 2H, Re-CH2-R), 4.88 (d, 

2H, J = 21.7 Hz, pyr-CH2-N), 2.32 (s, 6H, Mes-CH3), 2.25 (s, 6H, Mes-CH3), 2.12 (m, 2H, Re-

CH2-CH2-R), 2.16 (m, 2H, octyl), 1.23 (s, 6H, Mes-CH3), 0.97 (overlapping t, 3H, J = 7.3 Hz, Re-

R-CH3), 0.86 (m, 2H, octyl), 0.71 (m, 2H, octyl), 0.41(m, 2H, octyl). The signal for the remaining 

octyl protons could not be resolved because it is obscured by aliphatic protons in the 1.5-0.8 ppm 

region.19F NMR (toluene-d8, 282.4 MHz, 300K, ppm): -122.3 (m, 6F) -154.4 (m, 3F) -162.5 (m, 

6F). 
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3.1 Introduction 

 

Isocyanides are isoelectronic with CO, however they are better ů-donors and worse ˊ-

acceptors. This makes them substrates of interest because they will often react with complexes that 

are reactive towards CO. In previous work from our group the oxorhenium hydride 

(O)Re(MesDAP)H (MesDAP = (pyridine-2,6-diylbis(methylene))bis(mesitylamide)) was reduced 

with CO in a process called reductive decarbonylation, to produce a Re (I) tricabonyl complex 

(Scheme 3.1).33 

 

Scheme 3.1 Proposed Mechanism for the Reductive Decarbonylation of (O)Re(MesDAP)H. 

 

 

Typically reactions involving isocyanides and metal hydrides result in 1,1-insertion 

products featuring one of two binding modes. 34 First, isocyanides will often react with metal 

hydride clusters to form bridging iminoacyl ligands like the trirhenium cluster synthesized by 

Berrenghelli et al. (Figure 3.1).35 In this class of reaction, there is a single insertion of isocyanide 

into a metal hydride bond, and the nitrogen of the resulting iminoacyl ligand subsequently binds 

to the adjacent metal center. A similar type of reaction is observed with some mononuclear hydride 

complexes resulting in the ɖ2-iminoacyl binding mode as shown in Scheme 3.2. 
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Figure 3.1 Structure of a bridging ɛ2-iminoacyl complex formed by isocyanide insertion into the 

bridging hydride of a rhenium cluster complex.35 

 

Scheme 3.2 The insertion of isocyanide into a Ta-H bond to give the ɖ2-iminoacyl complex.36 

 

 

ɖ2-iminoacyl complexes can react further if there are more metal-hydride bonds, reducing 

the isocyanide and ultimately resulting in metalloaziridine complexes. An example of this type of 

stepwise reduction was published by Frandos et al. using a tantalum dihydride to synthesize a 

tantalaziridine complex as shown in Scheme 3.3.37 
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Scheme 3.3 The Reaction of Isocyanide with a Tantalulm Dihydride Complex to give the 

Metalloaziridine Complex via an ɖ2-Iminoacyl Intermediate. 

 

 

Metal hydrides can also undergo 1,1-insertion of isocyanides to give ɖ1-iminoacyl 

complexes, which comprises the second major category of metal hydride/isocyanide binding. 

Examples of this binding mode are less well known, with only a few examples being reported in 

the literature. It has been reported by McGovern et al. for a cyclometalated Zr indene sandwich 

complex as shown in Scheme 3.4.38 

 

Scheme 3.4 Reaction of a Zr Hydride Complex with Isocyanide to give the ɖ1-Iminoacyl Complex. 

 

 

Interestingly, the analogous zirconocene sandwich complex reacts to give the ɖ2-iminoacyl 

complex. The ɖ1-iminoacyl complex was reported to be unstable, decomposing at room 

temperature in both the solid state and in solution. A Rh ɖ1-iminoacyl complex was also 

synthesized from the rhodium hydride complex by Duckett et al.39 It was unable to be isolated but 

was characterized in situ by 31P, 1H, and 13C NMR spectroscopy. A similar ɖ1-iminoacyl complex 

formation has been observed for a silylimide tungsten hydride.40 
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These ɖ1-formidoyl complexes are of particular interest due to their importance in catalytic 

reactions involving isocyanides. For example an ɖ1-iminoacyl complex is proposed as an 

intermediate in the palladium catalyzed formation of Ŭ-iminoaryl phosphine oxides from 

isocyanides and diaryl phosphine oxides.41 As shown in Scheme 3.5, the first step is the formation 

of a palladium hydride that undergoes the 1,1-insertion of an isocyanide generating an ɖ1-

iminoacyl complex. This complex then undergoes reductive elimination to give the final product. 

 

Scheme 3.5 Proposed Mechanism for the Production of Ŭ-Iminoacyl Phosphine Oxides from 

Isocyanides and Diaryl Phosphine Oxides, proceeding though an ɖ1-Iminoacyl Intermediate. 

 

  

The reactivity resulting in ɖ1-iminoacyl complexes is directly analogous to the insertion of 

carbonyls into metal alkyl and metal hydride bonds to give the corresponding acyl complexes. 

Alternatively, metal acyl complexes are often accessed via addition of alkyl nucleophiles to metal 

carbonyls as shown in Scheme 3.6. Metal acyl complexes are important intermediates for catalytic 

reactions such as hydroformylation, but are also used to access Fischer carbene complexes via 

quenching with a strong electrophile as seen in Scheme 3.6. This reactivity is best understood by 

inspecting the resonance structures of metal acyl and iminoacyl complexes as shown in Figure 3.2. 

This results in a synthetic bias towards low-valent Fischer carbenes.  

 

Scheme 3.6 General Synthesis of Fischer Carbene Complexes. 
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Figure 3.2 Resonance structures of the Re-C-X fragment of rhenium acyl and ɖ1-forimidoyl 

complexes.  Structures A and C represent the Re-acyl and Re-imine resonance contributors, while 

structures B and D show the Re-carbene resonance contributors for Re-C-O and Re-C-N 

respectively. 

 

This work explores the insertion of carbon monoxide and isocyanides into rhenium hydride 

and alkyl bonds to give ɖ1-iminoacyl or acyl complexes. Additionally, distinct reactivity for the 

insertion of isocyanides into the rhenium hydride bond in the presence of a strong Lewis acid is 

observed compared to the same reaction in the absence of a Lewis acid. This is due to the reactivity 

of the iminoacyl intermediates towards electrophiles resulting in the formation of high valent 

rhenium carbene complexes. This reactivity was utilized to synthesize a series of high and 

intermediate valent rhenium carbene complexes. Subsequent spectroscopic and computational 

evidence supports the assignment of these complexes as rare examples of high valent Fischer 

carbenes. Additionally a correlation is observed between the electrophilicity of the carbene carbon 

and the 13C NMR shift. We were able to demonstrate tunability of this electrophilicity by 

systematically altering the heteroatom substituent on the carbene carbon. This tunability allows 

for the further study of the fundamental properties and reactivity of high valent Fischer carbenes. 
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3.2 Results and Discussion 

 

3.2.1 Synthesis and Characterization of Cationic Oxorhenium (V) and Rhenium (III)  

Fischer Carbene Complexes 

 

A. Reactions of Oxorhenium Hydrides in the Presence of the Lewis Acid B(C6F5)3. The 

reaction of 2,6-dimethyl-phenyl isocyanide with the oxorhenium complex 1 in the presence of 

B(C6F5)3 is shown in Scheme 3.7.  

 

Scheme 3.7 Reaction of Oxorhenium (V) Hydride 1 with Isocyanide in the Presence of B(C6F5)3. 

 

 

A single product 10 was identified by 1H NMR spectroscopy. Two doublets at 9.8 and 11.1 

ppm (J = 16.4 Hz) were observed. The magnitude of the coupling constant is indicative of C-H/N-

H coupling. The broad signal observed at approximately 11 ppm is suggestive of an H-bonded 

proton on the N atom of the carbene ligand (Figure 3.3). 
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Figure 3.3 1H NMR spectrum of 10. The doublet at ~10.0 ppm (J = 16.4 Hz) corresponds to the 

proton on the carbene carbon. The doublet at 11.2 ppm (J = 16.4 Hz) corresponds to the proton on 

the nitrogen atom of the carbene ligand. 

 

In addition to the MesDAP complex used in the initial reactivity studies, the xylyl 

derivative was synthesized to use in further studies due to its simpler 1H NMR spectrum and 

increased stability. This was accomplished by synthesizing the XyDAP ligand (XyDAP = N,Nô-

(pyridine-2,6-diylbis(methylene))bis(2,6-dimethylaniline)) as reported in the literature.42 The 

ligand was then coordinated to an oxorhenium center using a previously reported procedure shown 

in Scheme 3.8.31 
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Scheme 3.8 Synthetic Scheme for (XyDAP)Re(O)Cl. 

 

 

(XyDAP)Re(O)H, 12, was obtained by the reaction of 11 with Bu3SnH at room temperature 

in THF for 24 h. The resulting 1H NMR spectrum is shown in Figure 3.4.  

 

 

Figure 3.4 1H NMR spectrum of 12 in CD2Cl2. The characteristic diastereotopic protons are 

observed as doublets at 5.69 and 5.45 ppm (J = 19.9 Hz). Additionally the Re-H signal is observed 

at 6.06 ppm. 

 

The reaction of 12 with 2,6-dimethylphenyl isocyanide in the presence of B(C6F5)3 

proceeded cleanly to a single product 13 with a 1H NMR spectrum similar to 10 (Figure 3.5).  
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Figure 3.5 1H NMR spectrum of 13. The characteristic diastereotopic peaks are still observed and 

the aromatic region is better resolved than for complex 10. There is also the pair of doublets at 

9.87 and 13.46 ppm (J = 16.4 Hz), very similar to the analogous complex 10. 

 

We were able to assign the peak at ~ 10 ppm by synthesizing the oxorhenium (V) deuteride 

complex 14 from the reaction of 11 with Bu3SnD. The shift of the diastereotopic peaks and the 

absence of the hydride peak in the 1H NMR spectrum of 14, Figure 3.6, confirm the synthesis of 

the deuteride. The reaction of 14 with 2,6-dimethylphenyl isocyanide in the presence of B(C6F5)3 

also resulted in a single product 16. The 1H NMR spectrum of 16 (Figure 3.7) is nearly identical 

to 13. However, the signal at 10 ppm is absent. This suggests that the signal corresponds to the C-

H of the carbene carbon and originates from the Re-H bond. 
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Figure 3.6 1H NMR spectra of (XyDAP)Re(O)H vs (XyDAP)Re(O)D. The Re-H signal for 12 is 

observed at 6.06 ppm, this signal is absent in the spectrum of 14. The diastereotopic protons signals 

are observed at 5.68 and 5.45 ppm for both complexes. Additionally the pyridine and xylyl 

aromatic peaks show the same shifts for 12 and 14. 
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Figure 3.7 1H NMR spectra for 13 and 16. The sharp doublet at 9.87 ppm for 13 is absent in the 

spectrum of 16 suggesting deuterium substitution. Additionally the broad doublet at 13.46 ppm 

becomes a singlet in the spectrum of 16. Unreacted 14 is observed in the spectrum of 16, identified 

by its characteristic diastereotopic proton peaks. 

  

The appearance of the C-H proton as a doublet, as well as the broad signal at 13.46 ppm 

suggested the presence of an N-H proton. The coupling constant of the C-H doublet is 21 Hz 

suggesting coupling to a proton on a heteroatom. In order to confirm that the signal at 13.46 ppm 

was in fact responsible for the splitting of the signal at 9.87 ppm, a 1H-1H COSY experiment was 

performed. The resulting spectrum (Figure 3.8) conclusively shows that the signal at 13.46 ppm is 

coupled to the C-H signal at 9.87 ppm.  

 



41 

 

 

Figure 3.8 1H-1H COSY spectrum of 13. The off-diagonal coupling shows that the doublet at 

9.87 ppm is coupled to the broad doublet at 13.46 ppm. 

 

Additionally three signals are observed in the 19F NMR spectrum of 13 (Figure 3.9) in a 

2:1:2 ratio. These chemical shifts are consistent with literature values for the HOB(C6F5)3 anion 

further confirming the structure of the cationic carbene complex 13. 43 
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Figure 3.9 19F NMR spectrum of 13. There are 3 signals present in a 2:1:2 integration pattern, 

which corresponds to the ortho, para, and meta fluorine atoms respectively on the aryl rings of the 

HOB(C6F5)3 counter ion of 13. 

 

X-ray quality crystals were obtained from the diffusion of pentane into a concentrated 

solution of 10 in dichloromethane. The resulting structure is shown in Figure 3.10. The X-ray 

structure shows a cationic oxorhenium complex with a hydroxyborate anion. This is consistent 

with the Fischer carbene that is observed by 1H NMR spectroscopy.  
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Figure 3.10 X-ray crystal structure of 10. Thermal ellipsoids are at 50% probability level. The 

ancillary ligand is shown in wireframe for clarity. Hydrogen bonding contacts (Å) are highlighted 

in red. Selected bond lengths (Å) and angles (deg). Re1-O1, 1.6877(17); Re1-C1, 2.029(3); B1-

O2, 1.479(3); C1-N4, 1.298(3); Re1-C1-N4, 129.48(19); O1-Re1-C1, 102.82(9). 

 

The geometry of 10 is a distorted square pyramid with the oxo ligand in the apical position. 

The Re-Ccarbene bond length is relatively short. It is similar in length to Re acyl complexes 

previously isolated by the Ison group, where the Re-Cacyl bond was 2.026-2.028 Å.44 These Re-C 

bonds are described as having significant carbene character. This is explained by examining the 

possible resonance structures of the Re-C-X (X = O, N) fragment as shown in previously in 

Scheme 3.6. 

Structure A represents the acyl form of a Re-acyl complex whereas structure B represents 

the Re-carbene resonance contributor. Compared to the corresponding Re-Calkyl bond length (~2.1 

Å) the Re-Cacyl is considerably shorter (~2.03 Å).10 This result suggests that the Re-carbene 

structure is the major resonance contributor for Re-acyl complexes. Calculated bond lengths for 
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Re-iminoacyl complexes 17 (2.08 Å) and 19 (2.05 Å) are also considerably shorter than calculated 

Re-alkyl complex 3 (2.11 Å). This implies that the analogous Re-carbene structure D must be the 

major resonance contributor for iminoacyl complexes as well. The classic synthesis of Fischer 

carbenes utilizes this resonance contributor by reacting a Lewis acid with the negatively charged 

atom (Scheme 3.6).45 This was explored with the (O)(DAP)Re-acyl 23, using methyl triflate to 

give the cationic Fischer carbene 24 (Scheme 3.9).  

 

Scheme 3.9 Reaction of Oxorhenium Acyl Complex 27 with Methyl Triflate to give the Carbene 

Complex 28. 

 

 

The Re-C bond of the carbene 24Mes was observed to be 1.98 Å in the X-ray crystal 

structure. The Re-C bond of 10 (2.029 Å) is also very short suggesting 10 is also a Fischer carbene. 

The 13C NMR shifts of the Re-C carbon is also indicative of carbene formation (241.89 ppm for 

10 and 304.59 ppm for 24Mes). The isolation of carbene 10 then suggests the formation of a 

iminoacyl intermediate that then reacts with an in situ formed Brønsted acid (H2O·B(C6F5)3) 

instead of a Lewis acid to give the Fischer carbene complex. Furthermore the X-ray structure 

confirms the presence of the proposed hydroxyborate anion observed in NMR experiments.  

The formation of the hydroxyl borate anion likely proceeds via the reaction of Lewis acid 

with exogenous water present in the solvent to form a Brønsted acidic aqua borane adduct that 

protonates the iminoacyl nitrogen giving the cationic carbene and hydroxyborate. To test this 

hypothesis, all reagents and toluene-d8 were rigorously dried over molecular sieves to remove all 

water before performing the reaction. The solution turned a persistent green color. In contrast, in 

the initial reactions the solution briefly turned green before turning bright purple. Additionally the 

doublet corresponding to the protonated complex 13 was not observed, and instead, a singlet was 
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observed. Upon titration with water the singlet decayed and the doublet attributed to 13 was 

observed (Figure 3.11). 

 

Figure 3.11 1H NMR spectrum in toluene-d8 showing the titration of a solution of 17 with water. 

 

This experiment suggests that the iminoacyl intermediate 17 was generated first, and was 

protonated to give the final iminoacyl salt 13. Attempts to isolate 17 were unsuccessful. The 

protonation of 17 to 13 involves the formation of an aqua-borane adduct. These adducts are well 

known and have been shown to be strong Brønsted acids with a pKa of 8.4 in acetonitrile and a 

hypothetical aqueous pKa of less than 0.9.46 The formation of these adducts has a low free energy 

barrier of about 9 kcal/mol which accounts for the rapid rate at which 17 converts to 13. Finally, 

in a detailed study of ligand lability in B(C6F5)3 adducts with water and acetonitrile, Parkin et. al 

found that the ligand exchange is facile and occurs through a dissociative pathway.30 

 With all of the experimental data in hand, a mechanism for the reaction of 16 with 

isocyanide to give 13 was proposed (Scheme 3.10). The proposed mechanism begins with the 

formation of an isocyanide adduct that forces the hydride ligand trans to the oxo ligand. This is 

followed by the insertion of isocyanide into the Re-H bond, which results in the formation of the 
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1ɖ-iminoacyl complex 17 that was observed by 1H NMR spectroscopy. In the absence of water the 

reaction stops at 17. In the presence of water, B(C6F5)3 rapidly forms an aqua-borane adduct. The 

aqua-borane adduct then protonates the nitrogen of the iminoacyl ligand to give 13. 

 

Scheme 3.10 Proposed Mechanism for the Reaction of 15 with Isocyanide to generate 13. 

 

  

 

B. Reactivity of Oxorhenium Hydrides with Isocyanides in the Absence of B(C6F5)3. In order 

to contextualize the reactivity of oxorhenium (V) hydride adducts with isocyanides, we conducted 

the same reaction in the absence of B(C6F5)3 (Scheme 3.11). Unlike the reaction in the presence of 

the Lewis acid, the reaction of 12 with isocyanide is not clean and several diastereotopic peaks 
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from the ligand are observed by 1H NMR spectroscopy which suggests that there are several 

rhenium species present. 

 

Scheme 3.11 The Reaction of (XyDAP)Re(O)H 12 and 2,6-Dimethyl-phenyl Isocyanide in the 

Presence of Residual Water to Give (XyDAP)Re(O)(OH) 20. 

 

 

After allowing the reaction to stand for two days, a single rhenium species was observed 

by 1H NMR spectroscopy. However, instead of isolating the cationic carbene complex as described 

previously, an oxorhenium hydroxyl complex 20 was isolated. X-ray quality crystals were 

obtained by diffusion of pentane into a concentrated dichloromethane solution of 20 (Figure 3.12). 
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Figure 3.12 X-ray crystal structure of 20. Thermal ellipsoids are at 50% probability level. The aryl 

rings of the ancillary ligand are shown in wireframe for clarity. Selected bond lengths (Å) and 

angles (deg). Re1-O1, 1.681(6); Re1-O2, 2.121(7); Re1-N1, 1.968(5); Re1-N2, 2.057(6); Re1-N3, 

1.965(5); O1-Re1-O2, 96.1(4); O1-Re1-N1, 112.0(3); O1-Re1-N2, 115.5(4); O1-Re1-N3, 

111.8(3). 

 

The geometry of 20 is best described as a distorted square pyramid with the oxo ligand in 

the apical position. The hydroxyl ligand is slightly raised out of the plane with a bond angle of 

96.14° as opposed to the ancillary ligand bond angles of approximately 112°. There is a small 

amount of disorder in the oxo and hydroxyl ligands. The Re-oxo bond length is consistent with 

other DAP oxorhenium (V) complexes.31, 44b 

Based on the previously studied reaction of isocyanides with 16, we entertained the 

possibility that one of the competing pathways may involve the formation of an iminoacyl 

intermediate that was attacked by water. We tested this hypothesis by adding exogenous water to 

a solution of 12 and isocyanide. The resulting 1H NMR spectrum was much cleaner and showed 

only two sets of diastereotopic peaks suggesting two rhenium species were present. Importantly, a 

peak was observed at approximately 9.4 ppm. To assign this peak 20 was synthesized 

independently by initial chloride abstraction from 11 by AgSbF6 followed by treatment with 
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ammonium hydroxide. The resulting spectrum shown in Figure 3.13 shows a peak at 9.38 ppm 

that is assigned as the Re-OH proton. 

 

 

 

Figure 3.13 1H NMR spectrum of 20. The Re-OH peak is observed at 9.38 ppm. 

 

Additionally, there was some evidence in the 1H NMR spectrum for the formation of 2,6-

dimethyl-aniline as a byproduct of the reaction. In order to confirm this and rule out other potential 

organic species, 2,6-dimethylphenyl formamide was synthesized independently as reported in the 

literature.47 A solution of the crude reaction mixture and standard solutions of 2,6-dimethylphenyl 

isocyanide, 2,6-dimethylphenyl formamide, and 2,6-dimethylaniline were analyzed by GC and 

compared.  The comparison showed 2,6-dimethylaniline to be the major organic product.  

 The rapid rates and complex nature of the reaction made a kinetic study of the 

reaction impractical. By drawing an analogy to the reaction of 16 with isocyanides and 

combining what is known about the reactivity of isocyanides with the intermediates and products 

we have been able to determine experimentally, a mechanism (Scheme 3.12) was proposed and 

used as the starting basis for a computational investigation. 
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Scheme 3.12 Proposed Mechanism for the Formation of Oxorhenium Hydroxyl Complex 20 and 

2,6-Dimethylanline from 12. 

 

 

The first step of the mechanism is the formation of an isocyanide adduct complex similar 

to the mechanism in the presence of Lewis acid. This is followed by the insertion of isocyanide 

into the Re-H bond to generate an iminoacyl complex 19. The imine ligand abstracts a proton from 

water resulting in the hydroxyl carbene 19OH. The hydroxide ligand then makes a nucleophilic 

attack on the carbene carbon of 19OH to generate a hemi-aminal intermediate. Intramolecular 

proton transfer releases 2,6-dimethylaniline and a Re formyl complex. This rapidly reacts with 

water to generate the carbene 22. Fragmentation of 22 releases formaldehyde then occurs via attack 

and elimination analogous to the conversion of 19OH
 to 22. This results in the Re (V) hydroxyl 

complex 20. Additionally, we considered another pathway in which the initially formed iminoacyl 

complex undergoes further insertion of isocyanide to give 25. This type of reactivity has some 

precedence in the literature for the production of isocyanide based polymers.48 This reaction is 

shown in Scheme 3.13. In order to fully understand the relative rates of these processes, a 

computational study was carried out which is discussed in later sections. 
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Scheme 3.13 The double insertion of 2,6-dimethylphenyl isocyanide into the Re-H bond of 12. 

 

 

Based upon our proposed mechanism which includes the formation of the iminoacyl 

intermediate 19cis and its direct analogy to 27, we decided to explore the reactivity of in situ 

generated 19cis with methyl triflate. A methylene chloride solution of 12 and 2,6-dimethylphenyl 

isocyanide was treated with methyl triflate and resulted in the formation of 26Xy. A similar reaction 

was repeated with 10 which resulted in the formation of 26Mes as shown in Scheme 3.14. The 1H 

NMR spectrum of 26Xy is shown in Figure 3.14 as a general representative spectrum for these 

complexes. As shown with the previous carbene complexes 10 and 13, the carbenic proton is 

observed above 10 ppm. The carbene carbon 13C NMR shift is also consistent with the assignment 

as a Fischer carbene (241.36 ppm for 26Xy and 241.89 ppm for 26Mes).  

 

Scheme 3.14 Formation of the carbene complex 26 from the treatment of 19 with MeOTf. 
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Figure 3.14 1H NMR spectrum of 26Xy. The carbenic proton is observed at 10.13 ppm. 

 

X-ray quality crystals of 26Xy were obtained by the slow diffusion of pentane into a 

concentrated methylene chloride solution of 26Xy. The resulting structure is shown in Figure 3.15. 

The geometry about the rhenium center is best described as a distorted square based pyramid. The 

Re1-C1 bond length of 2.021(2) Å is again significantly shorter than the average Re alkyl bond 

consistent with the formulation of 26Xy as a carbene. 
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Figure 3.15 X-ray crystal structure of 26Xy. Thermal ellipsoids are at the 50% probability level. 

Hydrogen atoms and triflate counterion are omitted, and the xylyl substituents on the diamido 

ligand are depicted in wireframe for clarity. Selected bond lengths (Å) and angles (deg): Re1ïO1, 

1.689(2); Re1ïC1, 2.021(2); Re1ïN2, 2.058(1); Re1ïN3, 1.968(1); Re1ïN1, 1.961(2); C1ïN4, 

1.311(2); Re1ïC1ïN4, 131.4(1). 

 

The isolation of 26Xy and 26Mes offer strong support for the proposed intermediacy of 19 in 

the reaction of 12 with 2,6-dimethylphenyl isocyanide. Additionally, the reaction of Re acyl and 

iminoacyl complexes with strong electrophiles to generate carbenes appeared to be a quite general 

method for the synthesis of high valent carbenes. 

 

C. Synthesis of Cationic Re(III) Carbene Complexes. In order to assess generality of the 

synthetic method, we decided to investigate the reaction of Re (III) acyl and iminoacyl complexes 

with Lewis acids to give the corresponding carbenes. Our group previously reported the reductive 

carbonylation of oxorhenium (V) methyl complexes bearing the diamidoamine (DAAm) ligand by 

an acyl to oxo migration resulting in a Re(III) acetate complex as shown in Scheme 3.15. 
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Scheme 3.15 Synthesis of Re(III) Acetate Complex 28 by Acyl to Oxo Migration. 

 

 

Treatment of 28 with 10 equivalents of MeMgBr results in the formation of the Re(III) 

methyl complex 29 as shown in Scheme 3.16. The 1H NMR spectrum of 29 is shown in Figure 

3.16.  

 

Scheme 3.16 Synthesis of 29. 
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Figure 3.16 1H NMR spectrum of 29 in CD2Cl2. 

The reaction of a solution of 29 with 2,6-dimethylisocyanide followed by methyl triflate, 

results in an intractable mixture by 1H NMR spectroscopy. This mixture was later determined to 

be composed of various insertion products. This is discussed in more detail in Chapter 5. Use of 

the bulkier tert-butylisocyanide results in clean conversion to the corresponding iminoacyl 30, 

which is trapped as the carbene 31 (Scheme 3.17). The 1H NMR spectrum of 31 is shown in Figure 

3.17. Complex 30 is much more stable to decomposition and side reactivity than the corresponding 

iminoacyl complex 19 and is observed by 1H NMR spectroscopy (Figure 3.18).  

 

Scheme 3.17 Synthesis of 31 via Methylation of 31. 
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Figure 3.17 1H NMR spectrum of 31 in CD2Cl2. 

 

Figure 3.18 1H NMR spectrum of 30. The imine methyl proton signal is shifted significantly 

downfield to 2.4 ppm relative to the Re-CH3 signal observed at 1.4 ppm in 28. 

 

X-ray quality crystals of 31 were obtained by slow diffusion of pentane into a concentrated 

methylene chloride solution of 31. The resulting structure is shown in Figure 3.19. The geometry 
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around the Re center is best described as trigonal bipyramidal. The Re1-C24 distance is slightly 

elongated from the Re(V) carbenes at 2.051(5) Å, however it is still considerable shorter than the 

expected Re alkyl bond length. Interestingly, it appears that rather than undergoing methylation 

by methyl triflate 30 reacts with in situ generated triflic acid. Subsequent reactions with rigorously 

dried solvent showed no reaction between 30 and methyl triflate, however upon addition of water 

quantitative conversion to 31 is observed. We suspect that the high steric demands of the tert-butyl 

ligand on the resulting imine may preclude reaction with the larger methyl triflate, however the 

smaller triflic acid is able to react readily. 

 

 

Figure 3.19. X-ray crystal structure of 31. Thermal ellipsoids are at the 50% probability level. 

Hydrogen atoms and triflate counterion are omitted, and the mesityl substituents on the diamido 

ligand are depicted in wireframe for clarity. Selected bond lengths (Å) and angles (deg): Re1ïC30, 

1.880(5); Re1ïC24, 2.051(5); Re1ïN2, 1.907(4); Re1ïN3, 1.932(4); C24ïN4, 1.307(6);  Re1ïN2-

N3, 125.42(18); Re1ïC24ïN4, 127.4(3). 

 

The synthesis of 31 offers further support for the generality of this synthetic method for 

the generation of carbene complexes. We have shown experimentally that Re carbenes of high and 

intermediate valency that have been hitherto inaccessible can be easily accessed by reaction of the 

corresponding acyl or iminoacyl intermediates with electrophiles. Based upon these results we 

conducted a computational study to explore the both the mechanism for the formation of these 

carbenes as well as their electronic structure. 
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3.2.2 Computational Investigation into the Mechanism of Formation and Electronic 

Structure of Cationic Re(V) and Re(III) Carbene Complexes 

 

In order to gain a deeper understanding of the reaction of 12 with isocyanides and to further 

understand why complex 16 exhibits different reactivity, we conducted a computational study 

based on our proposed mechanisms. We also calculated and analyzed the electronic structure of 

these novel high and intermediate valent carbene complexes. Based on previous benchmarking for 

these oxorhenium complexes calculations were carried out the DFT (B3PW91-D3) level of 

theory.5 Methyl isocyanide was used to approximate 2,6-dimethylphenyl isocyanide. 

 

Calculated Pathway for the Reaction of 16 with Isocyanide 

The calculated pathway for the reaction of isocyanide with 16 is shown in Figure 3.20. The 

approach of the isocyanide to the rhenium center can either be cis or trans to the oxo ligand. 

Computationally only the cis approach is observed, potential energy surface scans for the trans 

approach of isocyanide were unfruitful.  
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Figure 3.20. B3PW91-D3 calculated pathway for the insertion of methyl isocyanide into the Re-

H bond of 16. 

 

The first step of the mechanism is the rapid formation of an isocyanide adduct 18 which 

then undergoes a barrierless insertion into the Re-H bond. The rate determining step for the overall 

reaction is the dissociation of the Lewis acid from the oxo ligand in 17, which has a free energy 

barrier of 19.9 kcal/mol. This barrier corresponds to a calculated half-life of approximately 1 min 

at room temperature. This is consistent with the almost instantaneous reaction observed 

experimentally. Formation of the final carbene product is significantly downhill, -31.2 kcal/mol 

relative to 16. This deep thermodynamic well helps to explain why the final product is stable and 

exhibits no further reactivity. This suggests that the stabilizing role of the Lewis acid may be two-

fold: 1) the steric bulk of the Lewis acid bound above the Fischer carbene shields it from further 

reactivity, and 2) while at the same time, the strength of the electrostatic interactions drives down 

the energy of the product preventing further reactivity. 
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Calculated Pathway for the Reaction of 12 with Isocyanide 

The complex equilibria observed by 1H NMR spectroscopy for the reaction of 12 with 

isocyanide represents a problem that lends itself well to analysis by computational investigation. 

The free energy barriers can be calculated for multiple steps and pathways, these energies can then 

be compared to give information about the relative rates and the nature of the equilibria present in 

the system. The calculated pathway shown in Figure 3.21 shows several low lying rhenium species 

are present in reaction of 12 with isocyanide, which is consistent with the observation of multiple 

species by 1H NMR at early reaction times.  

 

 

Figure 3.21 B3PW91-D3 calculated pathway for the insertion of methyl isocyanide into the Re-H 

bond of 12.  

As previously discussed for the reaction of 16 with isocyanide, the approach of isocyanide 

can be either cis or trans to the oxo ligand. Unlike the reaction of 16 both the cis and trans transition 

states were observed. The trans approach of isocyanide is the energetically favored pathway so the 

cis pathway was ruled out as a viable mechanistic possibility. However, a stable adduct is not 

observed for the trans approach, instead optimizations converged directly to the inserted iminoacyl 

product 19. The protonation of the iminoacyl ligand to give 19OH is reversible and lies towards the 

19. The next step is the nucleophilic attack of hydroxide on the electrophilic carbene carbon to 
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give 21. A water mediated proton transfer step results in the release of the amine and the formation 

of 21formyl . After isomerization of 21formyl  to 21*formyl  by bond rotation, coordination of water 

results in a proton transfer which releases formaldehyde and results in the Re (V) hydroxyl 

complex 20. These equilibria are consistent with the observation of a major rhenium species and 

several minor species in solution. Additionally this is consistent with the need for excess water to 

drive the equilibria to the right and form the final product more cleanly.  

 

Comparison of Calculated Pathways for Reaction of 12 with and without Lewis Acid 

In order to understand how the coordination of Lewis acid to the oxo ligand influences the 

reaction of 12 with isocyanide, it is necessary to make a direct comparison between the first steps 

of the respective reaction mechanisms and to consider the structures of the reaction intermediates. 

In Figure 3.22 the initial step of isocyanide adduct formation is compared. 
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Figure 3.22 Comparison of the isocyanide adduct formation step for the three calculated pathways. 

Lewis acid / base adduct 16 pathway is in green, the trans approach of isocyanide to 11 is in blue, 

and the cis approach of isocyanide to 12 is in red. The value used for the trans approach pathway 

was calculated in M06. 

 

When the calculated reaction barriers for the cis approach of isocyanide to 12 and 16 are 

compared, it is immediately apparent that coordination of Lewis acid to the oxo ligand stabilizes 

the transition state. This approach of isocyanide forces the hydride trans to the oxo ligand. Usually 

a strong trans influence ligand trans to another strong trans influence ligand is unfavorable, but in 

this case the Lewis acid draws electron density away from Re oxo bond weakening its trans 

influence. This stabilizes the hydride in the trans position lowering the energy for the transition 

state by almost 10 kcal/mol. A similar effect was observed for the insertion of olefins into the Re-

H bond of oxorhenium hydrides, with the transition state being stabilized by about 10 kcal/mol as 

well.49 
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In addition to the thermodynamic effects of Lewis acid coordination, a steric effect is also 

observed. In the case of the reaction of both 12 and 16 a iminoacyl intermediate is formed that is 

then protonated by H2O or H2OÅB(C6F5)3 respectively yielding a Fischer carbene complex. 

Comparison of these complexes, as shown in Figure 3.23 can help explain why the hydroxyborate 

salt remains stable, while the oxorhenium hydroxyl carbene complex undergoes further reactivity.  

.

 

Figure 3.23 Calculated structures of 13 and 23. The XyDAP ligand is shown in wireframe for 

clarity. 

 

In the calculated structure for 13 the O2-C1 distance of 3.264 Å is much longer than the 

O2-C1 distance of 2.603 Å for 23. This implies that the oxygen atom is more ideally placed for 

nucleophilic attack on 23. The bulky aryl rings on the hydroxyborate counterion of 13 prevent the 

oxygen atom from getting close enough to attack the carbon, at the same time they act as a steric 

shield, blocking any other small molecules from approaching the electrophilic carbene carbon. The 

hydroxyl group binds to the Re center giving a neutral oxorhenium hydroxyl carbene 23. This 

leaves the electrophilic carbene carbon susceptible to nucleophilic attack. 

 

Electronic Structure of High and Intermediate Valent Fischer Carbene Complexes 

 The reactivity described above suggests that the carbene ligands are electrophilic 

at carbon and thus should be regarded as Fischer type carbenes. However, there is some ambiguity, 

as the ligands may be regarded as CR(OR)2ï ligands and thus the metal complexes can be viewed 
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as d0 Re(VII) and d2 Re(V), respectively. To address this ambiguity, we performed a series of DFT 

calculations to examine the bonding of the carbene ligand in these complexes. The carbenes used 

in this computational study are outlined in Chart 3.1. 

 

 

Chart 3.1 Calculated Carbene Complexes 

  

The bonding in Fischer carbenes is often described as synergistic: i.e., resulting from 

simultaneous ů donation from the carbene ligand and ˊ back-bonding from the metal to the LUMO 

of the carbene.45 Inspection of the natural bonding orbitals (NBOs) for 24Mes, a typical oxorhenium 

carbene, clearly shows ů-bonding and- antibonding combinations between the Re atom and the 

carbene ligand (Figure 3.24 A and B) and the ́-bonding and ïantibonding combination between 

the Re dxy orbital and the ́* orbital on the carbene ligand (Figure 3.24 C and D). 
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Figure 3.24. Natural bonding orbitals for 24Mes showing (a, b) ů-bonding and -antibonding 

combinations between rhenium and the carbene ligand and (c, d) ˊ-bonding and -antibonding 

combinations between the carbene ligand and a dxy orbital. NBO analysis: (a) orbital 48 (bonding), 

occupancy 1.88, 33% rhenium, 67% carbon; (b) orbital 125 (antibonding), occupancy 0.21, 67% 

rhenium, 33% carbon; (c) orbital 30 (lone pair Re), occupancy 1.65, 99% rhenium d orbital; (d) 

orbital 120 (lone pair vacancy C), occupancy 0.66, 99% carbon p orbital. 

 

To further quantify the extent of ů donation and ˊ back-bonding, a fragment orbital analysis 

was applied using the AOMix 6.0 program.6, 50 As shown in Table 3.1, for all complexes studied 

the ů donation from the carbene ligand is more extensive than ˊ back-bonding. This is consistent 

with the viewpoint that the Fischer carbenes examined here are electrophilic at carbon. 

 

Table 3.1 Charge Decomposition Analysis (CDA) of Bonding in Re(III) and Re(V) Carbenes 

Entry  Complex ů donation  ́back-bonding Net Charge Donation 

1 31 0.216 0.113 0.290 

2 32 0.213 0.107 0.313 

3 26Mes 0.247 0.145 0.315 

4 26Xy 0.244 0.14 0.321 

5 24Mes 0.228 0.13 0.255 

6 24Xy 0.23 0.128 0.258 

7 10 0.227 0.138 0.297 

8 13 0.221 0.132 0.298 
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To explore the electrophilicity further, we examined the NBO partial charge at the carbene 

carbon in addition to the calculated 13C NMR shifts as implemented in Gaussian 09. It was 

observed experimentally that the carbene carbons in complexes 2, 5, 8, and 10 are significantly 

deshielded and occur from Ḑ240 to 300 ppm in the 13C NMR spectrum. Chemical shifts for 

complexes 24, 31, 26, and 24 were calculated, and as shown in Figure 3.25a, there is good 

agreement with the experimental values (R2 = 0.92). This validation allowed for the calculation of 

experimentally inaccessible carbenes for a larger data set. 

 

 

Figure 3.25 (A) Correlation between calculated and experimental 13C NMR shifts. (B) Correlation 

between the calculated 13C NMR shift and the natural charge. Calculations were performed at the 

B3PW91-D3/6-311G++(d,p) level of theory51 utilizing the gauge-independent atomic orbital 

(GIAO) method52 and are referenced to TMS. 

 

As shown in Figure 3.25b, there is a strong correlation between the calculated 13C NMR 

shift and the NBO charge. Further, the charge at carbon appears to be most dramatically affected 

by the substituent on the carbene carbon, with O-substituted ligands observed with higher chemical 

shifts (more deshielded) and more positive natural charges in comparison to the corresponding 

complexes with N substituents.53 Also interesting from the data is the influence of formal oxidation 

state, as the rhenium carbonyl complexes (formally Re(III)) have carbene carbons with chemical 

shifts and NBO charges intermediate between N-substituted and O-substituted oxorhenium 

carbenes (formally Re(V)), suggesting that the formal oxidation state has a smaller influence than 

the substituent on the carbene carbon. 
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3.3 Conclusions 

 

In the presence of the Lewis acid, B(C6F5)3, a stable cationic oxorhenium carbene complex 

was isolated. Additionally in the absence of strong Brønsted or Lewis acids, the rhenium imine 

intermediate is sufficiently basic to deprotonate adventitious water. This results in a series of 

substitution reactions at the resulting carbene carbon, ultimately releasing aniline and producing 

an oxorhenium hydroxyl complex. Computational and X-ray data support a dual role for the Lewis 

acid in driving this differing reactivity. Both steric effects due to the Lewis acid size and the 

stabilization of the transition state leading to adduct formation play a role in the formation of a 

stable cationic carbene complex, as opposed to the decomposition of intermediate carbenes that 

eventually results in the formation of an oxorhenium hydroxyl complex in the absence of Lewis 

acid. 

The reaction of intermediate Re acyl and iminoacyl complexes with electrophiles was 

shown to be a quite general method for the synthesis of Re(III) and Re(V) Fischer carbenes. This 

strategy is different from the classic Fischer carbene synthesis, which relies on nucleophilic 

addition to a carbonyl ligand in a neutral metal complex, followed by the treatment of this anionic 

acyl metallate with an electrophile. Experimental and computational studies suggest that, as 

expected, the carbene ligands are electrophilic at carbon. Further, an interesting correlation was 

observed between the 13C NMR chemical shift and the natural charge at the carbene carbon, which 

suggests that the electrophilicity of the ligand can be tuned, with the substituent attached to carbene 

carbon having the most influence. 

 

3.4 Experimental 

 

Computational Methods.  Geometry and transition state optimizations were performed with the 

6-31G(d,p) basis set23 on light atoms, the 6-311G(d) basis set on aluminum and the SDD basis 

set24 with an added polarization function on rhenium.25 Calculations were carried out using tight 

optimization criteria (opt = tight) in the Gaussian 0926 implementation of B3PW9127 on a ultrafine 

integral grid (int = ultrafine). Grimmeôs dispersion correction28 was also employed in all 

calculations. All structures were fully optimized, and analytical frequency calculations were 
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carried out 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 the animation 

of the imaginary frequency. Energetics were calculated at 298 K with the 6-311++G(d,p) basis 

set29 for C, H, N, O, F, B and Al atoms and the SDD basis set with an added f polarization function 

on rhenium with the B3PW91 functional. The energies reported utilize the analytical frequencies 

and zero-point corrections from the gas-phase optimizations and include solvation corrections 

which were calculated using the PCM method,30 with toluene as the solvent as implemented in 

Gaussian 09. 

 

General Considerations. XyDAP,54 (SMe2)Re(O)Cl3(OPPh3),
55 and 2,6-dimethylphenyl 

formamide47 were prepared as reported in the literature. All reactions were conducted under 

nitrogen in a glovebox or using standard Schlenk line techniques unless otherwise noted.  All other 

reagents were purchased from commercial sources and used as received. 1H, 13C, and 19F NMR 

spectra were obtained on a Varian Mercury 400 MHz, a Varian Mercury 300 MHz, or a Brüker 

500 MHz spectrometer at room temperature. Chemical shifts are listed in parts per million (ppm) 

and referenced to the residual protons or carbons of the deuterated solvents respectively. Elemental 

analyses were performed by Atlantic Microlabs, Inc. X-ray crystallography was performed at the 

X-ray Structural Facility of North Carolina State University by Nikola Lambic. 

 

General Procedure for the Reaction of Oxorhenium Hydride Adducts with Isocyanides. 

Oxorhenium hydride, 1, (200.0 mg, 0.348 mmol) and B(C6F5)3 (370.9 mg, 0.724 mmol) were 

dissolved in toluene. 2,6-Dimethyl-phenyl isocyanide (95.0 mg, 0.724 mmol) was then added and 

the reaction was stirred. The reaction was then removed from the glovebox and stirred open to air 

until the color changed from a green to dark purple and solid precipitated (~15 min). The solid was 

then vacuum filtered and washed with pentane to remove excess isocyanide. 

 

General Procedure for the Reaction of Oxorhenium Hydrides with Isocyanides. Oxorhenium 

hydride, 1, (50.0 mg, 0.087 mmol) was dissolved in methylene chloride. 2,6-Dimethylphenyl 

isocyanide (22.8 mg, 0.174 mmol) was then added and the reaction was stirred. Methyl triflate 

(0.087 mmol, 9.6 ɛL) was then added. The reaction was then removed from the glovebox and 10 
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ɛL of water was added. Solvent was then removed in vacuo. The resulting residues was dissolved 

in minimal dichloromethane and crashed out with excess pentane. 

 

[(MesDAP)Re(O)(CN(2,6-(CH3)2C6H3))][HOB(C 6H5)3], 10. The complex was obtained as a 

light purple solid in 55% yield. 1H NMR (CD2Cl2, 300 MHz) ŭ: 13.3 (d, J = 16.4 Hz, 1H, NH) 

9.81 (d, J = 16.4 Hz, 1H, Re-CH-N) 8.35 (t, J = 7.9 Hz, 1H, py-para H) 7.85 (d, J = 7.9 Hz, 2H, 

py-meta H) 6.91 (s, 2H, Mes-ortho H) 6.82 (t, J = 7.6 Hz, 1H, xylyl-para H) 6.74 (s, 2H, Mes-

ortho H) 6.66 (d, J = 7.6 Hz, 2H, xylyl-meta H) 6.0 (d, J = 21.0 Hz, 2H, MesNCH2) 5.47 (d, J = 

21.0 Hz, 2H, MesNCH2) 2.45 (s, 6H, Mes-CH3) 2.21 (s, 6H, Mes-CH3) 1.86 (s, 6H, Mes-CH3) 

1.31 (s, 6H, xylyl-CH3). 
13C NMR (CD2Cl2, 151 MHz) ŭ: 236.48, 164.69, 155.68, 143.45, 140.83, 

136.37, 132.50, 130.52, 130.19, 129.21, 127.88, 127.22, 118.41, 75.32, 20.18, 17.55, 17.27, 16.15.   

19F NMR (CD2Cl2) ŭ: -137 (m, 2F, meta-F)  -163 (m, 1F, para-F)  -171 (m, 2F, ortho-F). Elemental 

Analysis: Theory (C:50.54 N:4.53 H:3.34) Found (C:50.18 N:4.51 H:3.38) 

 

(XyDAP)Re(O)Cl, 11. (SMe2)Re(O)Cl3(OPPh3) (450 mg, 0.69 mmol) and XyDAP (450 mg, 1.30 

mmol) were dissolved in EtOH. 2,6-lutidine (0.8 mL, 6.9 mmol) was then added and the reaction 

was stirred overnight. The reaction was then vacuum filtered and dried. The complex was obtained 

as a green solid in 64% yield. 1H NMR (CD2Cl2, 300 MHz) ŭ: 8.24 (t, J = 7.6 Hz, 1H, pyr-para 

H) 7.88 (d, J = 7.6 Hz, 2H, pyr-meta H) 7.14-6.96 (overlapping m, 6H, XyDAP-aryl H) 5.69 (d, J 

= 20.5 Hz, 2H, pyr-CH2-N) 5.52 (d, J = 20.5 Hz, 2H, pyr-CH2-N) 2.51 (s, 6H, XyDAP-CH3) 1.66 

(s, 6H, XyDAP-CH3). 
13C NMR (CD2Cl2, 500 MHz) ŭ: 168.03, 143.61, 140.03, 136.53, 135.33, 

128.14, 127.97, 125.41, 117.32, 79.58, 18.31, 18.15. Elemental Analysis: Theory (C:47.54 N:7.23 

H:4.34) Found (C:47.19 N:7.16 H:4.43) 

 

(XyDAP)Re(O)H, 12. 11 (332.0 mg, 0.512 mmol) was dissolved in THF. Tributyltin hydride (0.9 

mL, 3.35 mmol) was added via syringe. The reaction was then stirred for 24 hours. The reaction 

was then removed from the glovebox and solvent was removed in vacuo. The residue was then 

dissolved in minimal dichloromethane then crashed out with excess pentane before being isolated 

by vacuum filtration. The complex was obtained as a dark red solid in 87% yield. 1H NMR 

(CD2Cl2, 300 MHz) ŭ: 8.09 (t, J = 7.6 Hz, 1H, pyr-para H) 7.71 (d, J = 7.6 Hz, 2H, pyr-meta H) 

7.07 (d, J = 7.6 Hz, 2H, XyDAP-meta H) 7.0 (d, J = 7.6 Hz, 2H, XyDAP-meta H) 6.88 (t, J = 7.6 
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Hz, 2H, XyDAP-para H) 6.06 (s, 1H, Re-H) 5.69 (d, J = 20.5 Hz, 2H, pyr-CH2-N) 5.46 (d, J = 

20.5 Hz, 2H, pyr-CH2-N) 2.49 (s, 6H, XyDAP-CH3) 1.77 (s, 6H, XyDAP-CH3). 
13C NMR 

(CD2Cl2, 151 MHz): ŭ 168.94, 161.48, 141.16, 135.82, 133.36, 127.99, 127.91, 124.43, 116.54, 

77.38, 18.33, 17.93. Anal. Calcd for C23H26N3ORe·1/3CH2Cl2: C, 48.74; N, 7.31; H, 4.67. Found: 

C, 48.88; N, 7.26; H, 4.78. 

 

[(XyDAP)Re(O)(CHN(2,6-(CH3)2C6H3))][HOB(C 6H5)3], 13. The complex was obtained as a 

light pink solid in 23% yield. 1H NMR (CD2Cl2, 300 MHz): ŭ 13.49 (d, J = 16.4 Hz, 1H, NH), 

9.89 (d, J = 16.4 Hz, 1H, Re-CH-N), 8.37 (t, J = 8.2 Hz, 1H, pyr-para H), 7.87 (d, J = 8.2 Hz, 2H, 

pyr-meta H), 7.1 (d, J = 7.0 Hz, 2H, XyDAP-meta H), 6.97ï6.87 (m, 4H, overlapping XyDAP-

para H and xylyl-meta H), 6.64 (d, J = 7.0 Hz, 2H, XyDAP-meta H), 6.02 (d, J = 19.9 Hz, 2H, 

pyr-CH2-N), 5.50 (d, J = 19.9 Hz, 2H, pyr-CH2-N), 2.50 (s, 6H, XyDAP-CH3), 1.91 (s, 6H, 

XyDAP-CH3), 1.30 (s, 6H, xylyl-CH3). 
19F NMR (CD2Cl2, 376 MHz): ŭ ī136 (m, 6F, meta-F), 

ī162 (m, 3F, para-F), ī166 (m, 6F, ortho-F). 13C NMR (CD2Cl2, 151 MHz): ŭ 253.94, 164.60, 

158.02, 136.83, 132.53, 129.66, 128.93, 128.12, 126.75, 118.50, 75.32, 21.12, 17.63, 17.41, 16.23. 

Anal. Calcd: C, 47.94; N, 4.41; H, 3.05. Found: C, 47.54; N, 4.83; H, 3.23. 

 

(XyDAP)Re(O)D, 14. 11 (320.0 mg, 0.516 mmol) was dissolved in THF. Tributyltin deuteride 

(0.74 mL, 2.75 mmol) was added via syringe. The reaction was then stirred for 24 hours. The 

reaction was then removed from the glovebox and solvent was removed in vacuo. The residue was 

then dissolved in minimal dichloromethane then crashed out with excess pentane before being 

isolated by vacuum filtration.  The complex was obtained as a dark red solid in 81% yield. 1H 

NMR (CD2Cl2, 300 MHz) ŭ: 8.09 (t, J = 7.6 Hz, 1H, pyr-para H) 7.71 (d, J = 7.6 Hz, 2H, pyr-

meta H) 7.07 (d, J = 7.6 Hz, 2H, XyDAP-meta H) 7.0 (d, J = 7.6 Hz, 2H, XyDAP-meta H) 6.88 

(t, J = 7.6 Hz, 2H, XyDAP-para H) 5.69 (d, J = 20.5 Hz, 2H, pyr-CH2-N) 5.46 (d, J = 20.5 Hz, 

2H, pyr-CH2-N) 2.49 (s, 6H, XyDAP-CH3) 1.77 (s, 6H, XyDAP-CH3) 

 

[(XyDAP)Re(O)(CDN(2,6-(CH3)2C6H3))][HOB(C 6H5)3], 15. The complex was obtained as a 

light pink solid in 21% yield. 1H NMR (CD2Cl2, 300 MHz) ŭ: 13.49 (s, 1H, NH) 8.37 (t, J = 8.2 

Hz, 1H, pyr-para H) 7.87 (d, J = 8.2 Hz, 2H, pyr-meta H) 7.1 (d, J = 7.0 Hz, 2H , XyDAP-meta 

H) 6.97-6.87 (m, 4H, overlapping XyDAP-para H and xylyl-meta H) 6.64 (d, J = 7.0 Hz, 2H, 
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XyDAP-meta H) 6.02 (d, J = 19.9 Hz, 2H, pyr-CH2-N) 5.50 (d, J = 19.9 Hz, 2H, pyr-CH2-N)  2.50 

(s, 6H, XyDAP-CH3) 1.91 (s, 6H, XyDAP-CH3) 1.30 (s, 6H, xylyl-CH3). 
13C NMR (CD2Cl2, 700 

MHz) ŭ: 236.02, 164.54, 158.02, 136.81, 132.53, 131.03, 129.66, 128.83, 127.94, 127.89, 127.73, 

127.23, 126.73, 125.16, 118.48, 117.09, 79.30, 75.33, 17.61, 17.40, 16.22. 

 

(MesDAP)Re(O)OH, 20. 11 (100 mg, 0.164 mmol) was placed in a screw-cap vial and dissolved 

in CD3CN. AgBF4 (32.1 mg, 0.164 mmol) was then added, and the solution was stirred at room 

temperature for 1 h. An 11.2 ɛL portion of 14.8 M NH4OH was then added via microsyringe. The 

resulting mixture was then run through a Celite plug and analyzed by NMR spectroscopy. 1H NMR 

(CD2Cl2, 600 MHz): ŭ 9.38 (s, 1H, Re-OH), 8.24 (t, J = 7.1 Hz, 1H, pyr-para H), 7.89 (d, J = 7.0 

Hz, 2H, pyr-meta H), 6.97 (s, 2H, MesDAP-meta H), 6.89 (s, 2H, MesDAP-meta H), 5.68 (d, J = 

20.7 Hz, 2H, pyr-CH2-N), 5.51 (d, J = 20.7 Hz, 2H, pyr-CH2-N), 2.49 (s, 6H, MesDAP-CH3), 2.33 

(s, 6H, MesDAP-CH3), 1.64 (s, 6H, MesDAP-CH3). 
13C NMR (CD2Cl2, 176 MHz): ŭ 167.80, 

154.24, 143.35, 135.83, 134.69, 134.48, 128.58, 128.46, 117.10, 79.63, 20.58, 18.01, 17.86. 

Elemental analysis was not possible with this molecule because of its poor solubility in most 

solvents that are not halogenated. The compound reacts with halogenated solvents to generate the 

metal halide species. 

 

(XyDAP)Re(O)CH3. (XyDAP)Re(O)Cl (332.0 mg, 0.512 mmol) was dissolved in CH2Cl2. 

Methylmagnesium bromide (3.0 M in diethyl ether) (0.34 mL, 1.02 mmol) was added via syringe. 

The reaction mixture was then stirred for 24 h. The reaction mixture was then removed from the 

glovebox and quenched dropwise with water. The resulting mixture was extracted with 

CH2Cl2 three times and dried over Na2SO4. The solvent was then removed in vacuo. The complex 

was obtained as a dark purple solid (247 mg) in 86% yield. 1H NMR (300 MHz, CD2Cl2): ŭ 8.08 

(t, J = 7.8 Hz, 1H, pyr-para-H), 7.71 (d, J = 7.8 Hz, 2H, pyr-meta-H), 7.15 (d, J = 7.5 Hz, 2H, 

XyDAP-meta-H), 7.08 (d, J = 7.4 Hz, 2H, XyDAP-meta-H), 6.97 (t, J = 7.4 Hz, 1H, XyDAP-

para-H), 5.67 (d, J = 20.1 Hz, 2H, pyr-CH2-N), 5.47 (d, J = 20.1 Hz, 2H, pyr-CH2-N), 2.44 (s, 6H, 

XyDAP-CH3), 1.75 (s, 3H, Re-CH3), 1.58 (s, 6H, XyDAP-CH3). 
13C NMR (151 MHz, CD2Cl2): ŭ 

168.09, 155.72, 140.96, 136.89, 135.06, 127.97, 127.80, 126.86, 124.50, 116.23, 78.73, 18.12, 

17.46, 13.72. Anal. Calcd: C, 51.41; N, 7.49; H, 5.03. Found: C, 51.41; N, 7.67; H, 5.02. 
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(XyDAP)Re(O)C(O)CH3, 23Xy. 23Xy was synthesized according to the literature procedure.44b 1H 

NMR (Benzene-d6, 700 MHz): ŭ 7.07 (m, 4H, XyDAP-meta-H), 6.96 (t, J = 7.5 Hz, 2H, XyDAP-

para-H), 6.78 (t, J = 7.8 Hz, 1H, pyr-para-H), 6.35 (d, J = 7.8 Hz, 2H, pyr-meta-H), 5.04 (d, J = 

20.5 Hz, 2H, pyr-CH2-N), 4.88 (d, J = 20.5 Hz, 2H, pyr-CH2-N), 2.76 (s, 6H, xyDAP-CH3), 2.11 

(s, 3H, acyl-CH3), 2.05 (s, 6H, xyDAP-CH3). 
13C NMR (Benzene-d6, 176 MHz): ŭ 255.88, 166.93, 

156.14, 139.46, 136.31, 135.77, 132.08, 131.33, 125.22, 115.97, 74.45, 47.26, 18.54, 18.40. 

Complex 23Xy is a precursor to 24Xy and was used without further purification. 

 

[(MesDAP)Re(O)(CC(CH3)OCH3)][OTf], 24Mes. Methyl triflate (0.486 mmol, 53.4 ɛL) was 

added to a concentrated solution of 23Mes (0.486 mmol, 300 mg) in dichloromethane. Excess 

hexanes was added to precipitate the product. The dark red powder was filtered and isolated in a 

78% yield. 1H NMR (CD2Cl2, 600 MHz): ŭ 8.38 (t, J = 7.9 Hz, 1H, pyr-para-H), 7.87 (d, J = 7.9 

Hz, 2H, pyr-meta-H), 6.86 (s, 2H, MesDAP-meta-H), 6.79 (s, 2H, MesDAP-meta-H), 5.93 (d, J = 

20.6 Hz, 2H, pyr-CH2-N), 5.56 (d, J = 20.7 Hz, 2H, pyr-CH2-N), 3.27 (s, 3H, O-CH3), 2.61 (s, 3H, 

carbene-CH3), 2.44 (s, 6H, MesDAP-CH3), 2.21 (s, 6H, MesDAP-CH3), 1.85 (s, 6H, MesDAP-

CH3). 
13C NMR (176 MHz, CD2Cl2): ŭ 304.59, 164.94, 152.11, 144.36, 136.78, 134.79, 133.34, 

129.54, 128.31, 119.73, 72.67, 61.69, 36.76, 20.42, 17.83, 17.31. Anal. Calcd: C, 44.61; N, 5.38; 

H, 4.52. Found: C, 44.94; N, 4.97; H, 4.85. 

 

[(XyDAP)Re(O)(C(CH3)OCH3)]][OTf] , 24Xy. Methyl triflate (0.087 mmol, 9.6 ɛL) was added 

to a concentrated solution of 23Xy (0.087 mmol, 54 mg) in dichloromethane. Excess hexanes were 

added to precipitate the product. The dark red powder was filtered and isolated in a The complex 

was obtained as a dark purple solid in 83% yield. 1H NMR (CD2Cl2, 500 MHz): ŭ 8.40 (t, J = 7.9 

Hz, 1H, pyr-para-H), 7.91 (d, J = 7.9 Hz, 2H, pyr-meta-H), 7.06 (d, J = 7.6 Hz, 2H, XyDAP-meta-

H), 6.98 (d, J = 7.5 Hz, 2H, XyDAP-meta-H), 6.90 (t, J = 7.5 Hz, 2H, XyDAP-para-H), 5.97 

(d, J = 20.8 Hz, 2H, pyr-CH2-N), 5.61 (d, J = 20.8 Hz, 2H, pyr- CH2-N), 3.24 (s, 3H, O-CH3), 2.58 

(s, 3H, Carbene-CH3), 2.48 (s, 6H, XyDAP-CH3), 1.90 (s, 6H, XyDAPCH3). 
13C NMR (CD2Cl2, 

151 MHz): ŭ 304.86, 164.90, 154.39, 144.61, 135.15, 133.83, 129.05, 127.79, 127.07, 119.96, 

72.45, 61.83, 36.85, 17.89, 17.38. Attempts to purify this compound for elemental analysis resulted 

in the formation of an oil. 

 



73 

 

[(MesDAP)Re(O)(CHN(CH 3)(2,6-(CH3)2C6H3))][OTf] , 26Mes. Complex 1 (155 mg, 0.087 

mmol) was dissolved in dichloromethane. 2,6-Dimethylphenyl isocyanide (22.8 mg, 0.174 mmol) 

was then added, and the reaction mixture was stirred for 5 min. Solvent was then removed in vacuo, 

and the resulting residue was washed with hexane, which was then removed via cannula filtration. 

The residue was then dissolved in dichloromethane, methyl trifluoromethanesulfonate (19.7 ɛL, 

0.174 mmol) was then added via syringe, and the reaction mixture was stirred for an additional 15 

min. The solvent was then removed in vacuo, and the resulting residue was dissolved in minimal 

dichloromethane and precipitated with excess pentanes to give the complex in 27% yield. 1H NMR 

(CD2Cl2, 700 MHz): ŭ 10.14 (s, 1H, carbene), 8.52 (t, J = 7.8 Hz, 1H, pyr-para H), 8.03 (d, J = 

7.8 Hz, 2H, pyr-meta H), 7.10 (t, J = 7.6 Hz, 1H, Xy-para H), 7.03 (s, 2H, MesDAP-meta H), 6.95 

(d, J = 7.6 Hz, 2H, Xy-meta H), 6.90 (s, 2H, pyr-meta H), 6.08 (d, J = 20.8 Hz, 2H, pyr-CH2-N), 

5.49 (d, J = 20.8 Hz, 2H, pyr-CH2-N), 3.58 (s, 3H, N-CH3), 2.61 (s, 6H, MesDAP-CH3), 2.35 (s, 

6H, MesDAP-CH3), 1.94 (s, 6H, MesDAP-CH3), 1.28 (s, 6H, Xy-CH3). 
13C NMR (CD2Cl2, 176 

MHz): ŭ 241.89, 164.07, 156.40, 146.78, 145.01, 136.79, 135.45, 134.88, 132.71, 131.39, 130.39, 

129.95, 128.94, 128.84, 127.87, 119.70, 75.72, 47.86, 20.43, 18.89, 17.66, 16.01. Anal. Calcd for 

C36H42F3N4O4ReS·1/5CH2Cl2: C, 49.02; N, 6.32; H, 4.82. Found: C, 49.12; N, 6.25; H, 4.96. 

 

[(XyDAP)Re(O)(CHNCH3(2,6-(CH3)2C6H3))][OTf], 26Xy. Complex 12 (250. mg, 0.457 mmol) 

was dissolved in dichloromethane. 2,6-Dimethylphenyl isocyanide (120. mg, 0.914 mmol) was 

then added, and the reaction mixture was stirred for 5 min. Solvent was then removed in vacuo, 

and the resulting residue was washed with hexane, which was then removed via cannula filtration. 

The residue was then dissolved in dichoromethane, methyl trifluoromethanesulfonate (37.8 ɛL, 

0.457 mmol) was added via syringe, and the reaction mixture was stirred for an additional 15 min. 

Solvent was then removed in vacuo, and the resulting residue was dissolved in minimal 

dichloromethane and precipitated with excess pentanes to give the complex in 35% yield. 1H NMR 

(CD2Cl2, 700 MHz): ŭ 10.19 (s, 1H, carbene H), 8.52 (t, J = 7.8 Hz, 1H, pyr-para H), 8.01 (d, J = 

7.9 Hz, 2H, pyr-meta H), 7.25ï7.20 (m, 2H, XyDAP-meta H), 7.09 (d, J = 7.4 Hz, 2H, XyDAP-

meta H), 7.08ï7.02 (m, 3H, Xy-para and XyDAP-para H overlapping), 6.91 (d, J = 7.6 Hz, 2H, 

Xy-meta H), 6.10 (d, J = 20.8 Hz, 2H, pyr-CH2-N), 5.50 (d, J = 20.8 Hz, 2H, pyr-CH2-N), 3.59 (s, 

3H, N-CH3), 2.65 (s, 6H, XyDAP-CH3), 1.97 (s, 6H, XyDAP-CH3), 1.25 (s, 6H, Xy-CH3). 
13C 

NMR (CD2Cl2, 176 MHz): ŭ 241.60, 164.02, 158.62, 146.68, 144.45, 135.83, 132.63, 131.80, 
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129.91, 129.52, 128.94, 128.84, 127.29, 119.05, 75.48, 47.91, 17.68, 17.62, 16.08. Anal. Calcd: 

C, 48.50; N, 6.65; H, 4.55. Found: C, 48.45; N, 6.64; H, 4.61. 

 

DAAmRe(CO)CH3 (DAAm = N1-Mesityl-N2-(2-(mesitylamino)ethyl)-N2-methylethane-1,2-

diamine), 30. DAAmRe(CO)(OAc) (653 mg, 1.04 mmol) was dissolved in CH2Cl2. Five 

equivalents of MeMgBr (3.0 M in diethyl ether) (1.74 mL, 5.20 mmol) was added via syringe. The 

reaction mixture was then stirred overnight. The reaction mixture was then removed from the 

glovebox and quenched dropwise with water. The resulting mixture was extracted with 

CH2Cl2 three times and dried over Na2SO4. The solvent was then removed in vacuo. The complex 

was obtained as a reddish orange solid in 90% yield. 1H NMR (500 MHz, CD2Cl2): ŭ 6.74 (m, 4H, 

overlapping MesDAP meta-H), 3.56 (m, 2H, MesDAAm īCH2ī), 3.45ï3.37 (m, 2H, MesDAAm 

īCH2ī), 3.09ï3.02 (m, 2H, MesDAAm īCH2ī), 2.93ï2.86 (m, 5H, overlapping MesDAAm 

īCH2ï and N-CH3), 2.19 (s, 6H Mes-CH3), 2.11 (s, 6H, Mes-CH3), 1.90 (s, 6H, Mes-CH3), 1.37 

(s, 3H, Re-CH3). 
13C NMR (176 MHz, CD2Cl2): ŭ 202.13, 157.66, 133.75, 132.27, 130.16, 128.56, 

128.33, 61.03, 58.84, 45.04, 20.34, 18.80, 14.45. Anal. Calcd for C25H36N3ORe·1/4CH2Cl2: C, 

50.38; N, 6.98; H, 6.11. Found: C, 50.71; N, 7.17; H, 5.98. 

 

[DAAmRe(CO)(C(CH 3)NHC(CH 3)3)][OTf], 31. Complex 30 (188 mg, 0.324 mmol) was 

dissolved in CH2Cl2. One equivalent of tert-butyl isocyanide (36.6 ɛL, 0.324 mmol) was added 

via a microsyringe. Methyl trifluoromethanesulfonate (36.6 ɛL, 0.324 mmol) was added via a 

microsyringe to the reaction mixture. The reaction mixture was stirred for 1 h, and then water (50 

ɛL) was added via syringe. The reaction mixture was stirred overnight. Brine was added to the 

reaction mixture, and the resulting mixture was extracted three times with CH2Cl2 and dried over 

Na2SO4. The solvent was then removed in vacuo to give the complex as a dark orange powder. 1H 

NMR (700 MHz, CD2Cl2): ŭ 8.71 (s, 1H, Carbene-NH), 6.97 (s, 2H, MesDAAm meta-H), 6.90 (s, 

2H, MesDAAm meta-H), 4.09 (m, 2H, MesDAAm -CH2-), 3.83 (m, 2H, MesDAAm -CH2-), 3.34 

(m, 2H, , MesDAAm -CH2), 3.27 (m, 2H, MesDAAm -CH2-), 3.16 (s, 3H, MesDAAm N-CH3), 

2.53 (s, 3H, Carbene C-CH3), 2.36 (m, 12H, overlapping MesDAAm-CH3), 2.06 (s, 3H, 

MesDAAm-CH3), 1.60 (s, 9H, Carbene tert-butyl), 1.58 (s, 3H, MesDAAm-CH3). 
13C NMR (176 

MHz, CD2Cl2): ŭ 261.31, 198.56, 156.22, 129.97, 129.51, 129.45, 63.62, 58.90, 49.51, 30.05, 
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24.80, 20.27, 19.49. Anal. Calcd for C31H46F3N4O4ReS·1/3C5H12: C, 46.82; N, 6.69; H, 6.01. 

Found: C, 46.64; N, 6.52; H, 6.24. 
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Chapter 4 Re-Silane Complexes as Frustrated Lewis Pairs for Catalytic 

Hydrosilylation  

 

Portions of this chapter have been submitted for publication in Dalton Transactions 
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4.1 Introduction  

 

Catalytic hydrosilylation is a powerful technique that allows for the simultaneous 

reduction and functionalization of substrates as shown in  

Scheme 4.1.7 It was first described for alkenes in the late 1940ôs as a way to generate 

substituted silanes.56 Wilkinsonôs catalyst was reported to be active for the hydrosilylation of 

ketones to generate silyl protected alcohols in 1972.7 This represented an improvement in the 

existing methodology for generating protected alcohols from carbonyls by reducing the need for 

using harsh reducing agents such as metal hydrides, increasing atom economy, and reducing 

reaction step count. More recently asymmetric versions of this reaction have been developed, 

allowing for easy access to enantioenriched chiral protected alcohols and amines.57 

 

Scheme 4.1 Examples of Catalytic Hydrosilylation 

 

 

Chalk and Harrod proposed that the activation of silane in alkene hydrosilylation proceeds 

via oxidative addition of silane to the metal center.58 This is followed by alkene coordination and 

1,2-hydride insertion to generate the metal alkyl. The product is released by reductive elimination 

of the metal alkyl and metal silyl groups as shown in Scheme 4.2. This mechanism is hereafter 
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referred to as the Chalk-Harrod mechanism (CHM). In order to account for the observation of 

some vinylsilane products Wrighton and coworkers proposed an alternative mechanism, known as 

the modified Chalk-Harrod mechanism (MCHM).59 Again the first step of the reaction is oxidative 

addition of silane to the metal center to generate a metal silyl hydride. This is followed by alkene 

coordination, however instead of a 1,2-hydride insertion there is an Ŭ-silyl insertion to generate a 

branched metal alkyl. This species can then undergo either reductive elimination to release the 

silane product or undergo beta hydride elimination to give the vinylsilane product and dihydrogen 

(Scheme 4.2 Blue pathway). Both pathways have been subject to computational studies by density 

functional theory, which has offered support to the proposed mechanisms.60 

 

Scheme 4.2 Chalk-Harrod (Red) and Modified Chalk-Harrod (Blue) Mechanisms for Catalytic 

Hydrosilylation of Alkenes. 

 

 

 

Based on the isolation of reaction intermediates and kinetic studies, Ojima proposed a 

mechanism for catalytic hydrosilylation of carbonyls based on the modified Chalk-Harrod 

mechanism that is shown in Scheme 4.3.61  
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Scheme 4.3 Modified Chalk Harrod Mechanism for Carbonyl Hydrosilylation Proposed by Ojima. 

 

 

The first step of the catalytic cycle is oxidative addition of silane to the metal center to 

generate a metal silyl hydride. This is followed by coordination to the carbonyl and a 1,1-insertion 

resulting in a carbon bound metallosilylether. This is then followed by reductive elimination of the 

product. 

In each of these mechanisms the initial oxidative addition step is the method of Si-H bond 

activation. However, it has been shown that systems incapable of oxidative addition are also 

competent catalysts for carbonyl hydrosilylation. Piers showed that the strong Lewis acid B(C6F5)3 

(BCF) was able to catalyze this reaction for aldehydes in the 1990ôs.9, 62 Since then this system has 

been shown to be capable of catalyzing the hydrosilylation of ketones and nitriles as well. 

However, the inability of BCF to undergo oxidative addition required the proposal of a new 

mechanism for hydrosilylation. Based on experimental observations, Piers proposed the 

mechanism detailed in Scheme 4.4.  
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Scheme 4.4 Piersô Proposed Mechanism for B(C6F5)3 Catalyzed Hydrosilylation. 

 

 

First, the Si-H bond is activated by ɖ1-coordination of the silane to BCF. This loosely 

associated complex is best described as a frustrated Lewis pair (FLP). FLP formation results in the 

buildup of some positive charge on the silicon rendering it susceptible to nucleophilic attack (SN2-

Si) by the carbonyl oxygen. This nucleophilic attack results in a borohydride siloxycarbenium ion 

pair. Hydride transfer from the borohydride results in product release. This mechanism has been 

studied computationally by Sakata and coworkers who confirmed that the SN2-Si hydrosilylation 

pathway is in fact energetically favored over the [2+2] cycloaddition hydrosilylation pathway.63 

Oestreich and coworkers offered further evidence for this FLP-type mechanism by studying 

stereochemical outcomes using a chiral silane.64 They were able to show that there is exclusively 

inversion of stereochemistry at the silicon center in the hydrosilylation product strongly supporting 

the SN2-Si pathway. Recently this elusive B-H-Si interaction has been observed in the solid state 

by X-ray crystallography.65 

Rhenium catalyzed hydrosilylation is also well known in the literature.66 Several novel 

mechanisms have been proposed to account for this reactivity. Toste reported hydrosilylation 

catalyzed by dioxorhenium complexes.16 They proposed that the silane activation step is a [2+2] 

cycloaddition of the Si-H bond across one of the Re-O bonds resulting in a rhenium siloxyhydride 

complex. This is followed by the coordination and insertion of the carbonyl substrate into the 
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rhenium hydride bond. Silyl group transfer from the siloxyl group to the alkoxy ligand results in 

product release. This mechanism is summarized in Scheme 4.5. This mechanism has been 

supported by DFT studies confirming the preference for the [2+2] cycloaddition hydrosilylation 

pathway.67 

 

Scheme 4.5 Tosteôs Proposed Mechansim for Hydrosilylation Catalyzed by a Dioxorhenium 

Complex. 

 

 

Conversely, Abu-Omar and coworkers demonstrated that the [2+2] cycloaddition pathway 

was not the operant mechanism for mono oxorhenium complexes.15 Instead, they proposed an 

alternative mechanism involving the activation of the Si-H bond via ɖ2-coordination that competes 

with oxidative cleavage releasing chlorosilane. This is followed by nucleophilic attack of the 

carbonyl to generate an ion pair. Hydride transfer from the ion pair results in product release. This 

mechanism is outlined in Scheme 4.6. Their proposed mechanism has been supported by 

subsequent DFT studies.68 
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Scheme 4.6 Abu-Omarôs Proposed ɖ2-Silane Activation Pathway. 

 

 

 Recently our group reported the room temperature hydrosilylation of aldehydes 

catalyzed by a cationic Re(III) complex.10 We proposed a mechanism similar to the Abu-Omar 

and Piers mechanisms that involves the initial activation of the Si-H bond via formation of an ɖ1-

silane complex as shown in Scheme 4.7. This complex is reminiscent of the FLP generated in the 

Piers mechanism. The Re-silane complex undergoes SN2-Si to generate an ion pair analogous to 

the BCF system. Hydride transfer from this ion pair results in product release. This mechanism 

was consistent with available kinetic data and experimentally determined Hammett and Eyring 

plots.  
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Scheme 4.7 Proposed Mechanism for Re(III) Catalyzed Hydrosilylation. 

 

 

In this chapter we will describe detailed computational investigations that offer further 

support to this mechanistic hypothesis. Additionally, we describe experimental and computational 

mechanistic investigations into the hydrosilylation catalyzed by neutral Re(III) complexes. Based 

on these results we propose a unified mechanism for Re(III) catalyzed hydrosilylation based on 

the Piers FLP-type mechanism for BCF that allows for the functionalization of weak nucleophiles. 

This has the potential for the broad application as a functionalization strategy as outlined in 

Scheme 4.8.  
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Scheme 4.8 General Strategy for FLP-based Nucleophile Functionalization. 

 

 

Furthermore, with the use of energy decomposition analysis, reactivity studies, and 

structural analysis we offer a new model for assignment of Lewis pair frustration based upon the 

dominant stabilizing forces present in these complexes. This new model visualizes FLPs and 

classical adducts as extreme cases on a spectrum with molecules lying along a continuum as shown 

in Figure 4.1. By analyzing known FLPs and known classical adducts it is possible to build a 

framework for identifying molecules as more FLP-like or more adduct-like.  

 

 

Figure 4.1 Proposed Spectrum of Lewis Pair Frustration. 
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4.2 Results and Discussion 

 

4.2.1 Computational Analysis of M(C6F5)3 Catalyzed Hydrosilylation 

 

 

In order to more appropriately benchmark our study of FLP-type rhenium catalyzed 

hydrosilylation, we first calculated an analogous hydrosilylation pathway to the one proposed by 

Sakata.63 The resulting pathway is shown in Figure 4.2 and the structures used in this study are 

shown in Chart 4.1. 

 

 

Figure 4.2 B3PW91-D3 Calculated pathway for M(C6F5)3 Catalyzed Hydrosilylation (M = B 

(Black), Al (Red), Ga (Blue)). 
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Chart 4.1 Structures Used in the Calculated Pathway for the Catalytic Hydrosilylation of 

Benzaldehyde with Catalysts M(C6F5)3. 

 

As suggested by Sakata, the adduct of B(C6F5)3 and benzaldehyde, 3, is stabilized relative 

to the free B(C6F5)3 and benzaldehyde.63 The carbonyl substrate can dissociate to liberate the active 

catalyst, 1, via TS1 (DGÿ = 9.5 kcal/mol). The free Lewis acid can activate silane through TS2 

(ȹGÿ = 10.0 kcal/mol) resulting in the activated silane complex, 5. This activated silane complex 

is best thought of as exhibiting frustrated Lewis pair (FLP) reactivity which has been defined as a 

kinetic phenomenon whereby a Lewis acid and base act on a substrate molecule.69 In this case the 

SiïH bond of the activated silane complex, is a very weak Lewis base and is a poor donor to 

B(C6F5)3 resulting in a species where the electrophilicity of the Lewis acid is not completely 

ñquenchedò. Indeed, the FLP reactivity of B(C6F5)3 with silanes is known, as this species has been 

shown to catalyze the H/D exchange of primary silanes.64 From Figure 4.2, the carbonyl substrate 

attacks 5 at the silicon atom in the turnover-limiting step to give an ion pair, 7 (ȹGÿSN2-Si = 21.8 

kcal/mol), which rapidly undergoes essentially barrierless hydride transfer resulting in product 

release. 

A similar mechanistic pathway for the aluminum and gallium analogues Al(C6F5)3  and 

Ga(C6F5)3  were also calculated . While Al(C6F5)3 is known to form isolable ů-silane complexes 

which can carry out stoichiometric hydrosilylation reactions, it is unable to carry out the catalytic 
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hydrosilylation of carbonyl substrates.70 Similar to the B(C6F5)3 system, the Al(C6F5)3-carbonyl 

adduct is greatly stabilized relative to the free Lewis acid and base (ȹGÁ = -24.6 kcal/mol). 

Comparison of the two pathways shows that binding of the carbonyl substrate to Al(C6F5)3 is 

significantly more thermodynamically favorable than the B(C6F5)3 system, approximately 25 

kcal/mol downhill from the free Lewis acid. This is expected due to the increased electrophilicity 

of Al(C6F5)3 compared to B(C6F5)3.
71  

Ga(C6F5) appears to be the intermediate case for Lewis acids of this form.
72 The free energy 

of the carbonyl adduct and the silane adduct are located in between the energies of AlCF and BCF 

at -11.0 and -9.2 kcal/mol respectively. The transition state energy is also located in the range 

between that identified for the AlCF and BCF systems at 14.0 kcal/mol, however the hydride 

transfer transition state has the highest observed free energy at 9.8 kcal/mol. Importantly, an 

evaluation of the equilibrium constants for the binding of benzaldehyde and dimethylphenyl silane 

to B(C6F5)3, Ga(C6F5)3, and Al(C6F5)3 respectively, was conducted using the calculated free 

energies in both pathways (Table 4.1).  While in all cases the equilibrium favors binding of the 

carbonyl substrate, in the Al(C6F5)3 system, binding of benzaldehyde is approximately seven 

orders of magnitude and sixteen orders of magnitude more favorable than silane for B(C6F5)3  and 

Ga(C6F5)3 respectively. Consequently, the ratio of the concentration of the active ů-silane complex 

5 to the benzaldehyde adduct 3 is significantly higher for the borane catalysts (again approximately 

by seven orders of magnitude).   
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Table 4.1 Comparison of equilibrium constants and free energies for the binding of benzaldehyde 

and dimethylphenylsilane to M(C6F5)3 (M = B, Al, Ga). 

Entry Comp. K [5][3]c ȹGÿ (TS3) kcal/mol 

1a 3B 9.30 x 10-5 - - 

2b 5B 3.21 x 101 - - 

3c - - 2.99 x 10-3 21.8 

4a 3Ga 9.24 x 10-9 - - 

5b 5Ga 1.84 x 107 - - 

6c - - 1.70 x 10-1 25.0 

7a 3Al 8.11 x 10-19 - - 

8b 5Al 5.57 x 108 - - 

9c - - 4.50 × 10-10 33.7 

aEquilibrium constant for 3 Ą 1. bEquilibrium constants for 1 Ą 5. cRatio obtained from the 

product of equilibrium constants for the reactions 3 Ą 1 and 1 Ą 5. ȹGÿ calculated from the lowest 

energy structure in Figure 1 to the highest energy structure. 

 

The thermodynamic stability of 3Al dramatically results in a significantly higher barrier for 

the SN2-Si (TS3 = 33.7 kcal/mol), compared to the corresponding barriers with the boron and 

gallium analogues (TS3 = 21.8 and 25.0 kcal/mol respectively). This supports the notion that the 

binding of the carbonyl substrate irreversibly inhibits catalysis by generating a stable carbonyl 

adduct 3Al. In contrast, the reduced electrophilicity of B(C6F5)3 disfavors the binding of the 

carbonyl substrate and increases the concentration of the activated silane adduct which is the active 

species responsible for the catalytic turnover. Also of interest is that the reaction barrier and 

carbonyl binding favorability trends with Lewis acidity. Computational studies assessing the Lewis 

acidity of MR3 and M(C6F5)3 have found that the Lewis acidity follows the trend B < Ga <Al.
20, 73 

Thus from a rational design perspective being able to tune the electrophilicity of the Lewis acid 

appears to be critical in enabling efficient catalysis.  

 

4.2.2   Computational Analysis of Cationic Re(III) Catalyzed Hydrosilylation 

 

We previously reported the catalytic hydrosilylation of aldehydes with both neutral and 

cationic Re(III) complexes.11 Based on the empirical rate law and a Hammett plot, we proposed 

that the reaction proceeded by an FLP type mechanism similar to the mechanism proposed by 

Piers. In order to further understand this reaction, we carried out a detailed computational study. 
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In this study, the electronics of the diamidoamine ancillary ligand was varied by altering the aryl 

substituent on the amido nitrogen (C6F5, and mesityl). The C6F5, catalyst was used successfully in 

the previously reported hydrosilylation of aldehydes at room temperature.11b In contrast, 

complexes incorporating the mesityl substituent were not catalytic at room temperature. The 

calculated pathway for a series of cationic Re(III) complexes is shown in Figure 4.3 and the 

structures used in this study are depicted in Chart 4.2. 

 

 

Figure 4.3 B3PW91-D3 calculated pathway for the catalytic hydrosilylation of benzaldehyde with 

the catalysts [DAAmRe(CO)(NCCH3)2]
+ (DAAm = DAAm = N,N-bis(2-

arylaminoethyl)methylamine; aryl = C6F5, Mes, Ph). 
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Chart 4.2 Structures Used in the Calculated Pathway for the Catalytic Hydrosilylation of 

Benzaldehyde with Catalysts [DAAmRe(CO)(NCCH3)2]+ (DAAm = N,N-bis(2-

arylaminoethyl)methylamine; aryl = C6F5, Mes, Ph). 

 

As previously shown for the M(C6F5)3 systems, the Re-carbonyl adducts 11, generated by 

the dissociation of acetonitrile from 9 and binding of benzaldehyde, are stabilized for the DAAm 

ligands with mesityl and C6F5 substituents. Complex 9 can also dissociate acetonitrile to activate 

silane resulting in an activated silane complex 14 that is analogous to the activated silane complex 

5 in the M(C6F5)3 systems. Our calculations indicate that 11 is in equilibrium with 14, so to 

investigate the influence of catalyst electrophilicity on this equilibrium the equilibrium constants 

for benzaldehyde binding and activated silane were calculated and are shown in Table 4.2. 
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Table 4.2 Comparison of Equilibrium Constants and Free Energies for the Binding of 

Benzaldehyde and Dimethylphenylsilane to 9. 

Entry Comp Keq [14]/[11]c ȹGÿd (kcal/mol) 

1a 11C6F5 5.01 × 10-1 - 18.3 

2b 14C6F5 4.87 × 10-2 - - 

3c - - 2.43 x 10-2 - 

4a 11Mes 4.30 × 10-1 - 23.9 

5b 14Mes 1.56 × 10-3 - - 

6c - - 6.70 × 10-4 - 

7a 11acet 3.95 × 10-8 - 28.7 

8b 14acet 4.87 × 10-2 - - 

9c - - 1.92 × 10-9 - 

aEquilibrium constant for 11 Ą 9. bEquilibrium constant for 9 Ą 14. cRatio obtained from the 

product of equilibrium constants for the reactions 11 Ą 9 and 9 Ą 14. dȹGÿ calculated from the 

lowest energy structure in Figure 2 to the highest energy structure. 

 

Similar to the M(C6F5)3  catalysts, benzaldehyde and silane competitively binds to the 

Lewis acidic transition metal center. The ratio of [14]:[11] depicts the relative amounts of the active 

activated silane complex 14 versus the off-cycle carbonyl adduct 11. This ratio is approximately 

36 times larger for the more electrophilic C6F5 substituted complex compared to the more electron 

rich and sterically hindered mesityl substituted ligand. In addition, the energy of the highest the 

transition state on the potential energy surface corresponds to SN2-Si attack of the carbonyl 

substrate on the silane. This transition state is 5.6 kcal/mol lower in energy for the C6F5 complex 

compared to the mesityl substituted analog.  

Experimentally, reactions catalyzed by the C6F5 substituted catalyst, 9C6F5, are complete in 

a few hours at room temperature at catalyst loadings as low as 0.1 mol%. In contrast, catalysis 

with the mesityl substituted ligand, 9Mes, requires heating to 80 ÁC overnight at much higher 

catalyst loadings (5 mol%). These data appear to be consistent with the computational results and 
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suggests that the electronics of the substituent on the diamido ligand has a significant impact on 

controlling the electrophilicity of the transition metal center. 

 

4.2.3  Mechanistic Study of Neutral Re(III) Catalyzed Hydrosilylation 

 

Our group previously proposed a pathway for the catalytic hydrosilylation of 

benzaldehydes with the neutral Re(III) complex, DAAmRe(CO)(OAc) (DAAm = N,N-bis(2-

arylaminoethyl)methylamine; aryl = C6F5) 18 that involved the initial generation of a rhenium 

hydride after silane abstraction by the metal center (Scheme 4.9).11a This was supported by the 

isolation of a dirhenium complex from the stoichiometric reaction with silane. This dirhenium 

complex was not catalytically active, but was isolated in the absence of the carbonyl substrate 

which suggests that this species resulted from the formation of a Re-H species followed by 

reductive coupling. The present data have allowed us to revisit this mechanism to include the 

presence of an activated silane complex as an FLP intermediate.  
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Scheme 4.9 Mechanism Previously Proposed by Ison and Coworkers for Hydrosilylation 

Catalyzed by 18 74 

 

 

The FLP for pathway 18 was also explored computationally (Figure 4.4, Chart 4.3). 

Nucleophilic attack of benzaldehyde on the activated silane complex, 23, occurs to generate the 

ion pair, 25. Intermediate 25 undergoes isomerization to 25ô followed by a rapid hydride transfer 

to release the product. As in the mechanisms for the M(C6F5)3 and cationic Re(III) systems, 

benzaldehyde competes with silane for binding to the metal center to produce the benzaldehyde 

adduct 21. The ratio of [23]/[21] was calculated to be 4.51 × 10-3 which is comparable to the 

corresponding ratio with the B(C6F5)3 catalyst (2.99 × 10-3) but is lower than the cationic 

rhenium(III) catalyst 9C6F5 (2.43 × 10-2). 
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Figure 4.4 B3PW91-D3 calculated pathway for catalytic hydrosilylation of with benzaldehyde 

with the catalyst DAAmRe(CO)(OAc) 18. 

 

 
Chart 4.3 Structures Used in the Calculated Pathway for the Catalytic Hydrosilylation of 

Benzaldehyde with the catalyst DAAmRe(CO)(OAc) 18. 
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The kinetics for the catalytic reaction were also obtained for this system. As shown in 

Figure 4.5, the hydrosilylation of equimolar solutions of benzaldehyde and dimethylphenylsilane 

resulted in linear fits to (1/[PhCHO]). In contrasts, fits to ln[PhCHO] were non-linear. In addition, 

the dependence on the rhenium catalyst was also linear as shown in Figure 4.6.  

 

 

Figure 4.5 Kinetic plots for the catalytic hydrosilylation of benzaldehyde and 

dimethylphenylsilane at 80 °C with DAAmRe(CO)(OAc) (0.1 mol%). Data are fit to the integrated 

rate equation for a 1st order reaction (ln[PhCHO] (blue)) and a 2nd order reaction (1/[PhCHO] 

(red)). 
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Figure 4.6 The rhenium complex was dissolved in 0.25 mL (2.46 mmol) benzaldehyde, 0.38 mL 

(2.49 mmol) dimethylphenylsilane, and 0.34 mL (2.46 mmol) mesitylene. The reaction mixture 

was then divided into screw cap NMR tubes at run 80 °C. At each time point deuterated chloroform 

was added to the screw cap NMR tube and the product concentration was determined by 1H NMR 

spectroscopy. The extracted kobs was then plotted against concentration of 18. 

 

These data lead to the empirical rate law: 

 

 

which is consistent with the computational data. In addition, we previously reported a KIE of 1.4 

for catalytic reactions employing PhMe2SiH and PhMe2SiD.
11a This KIE is consistent with the 

activation of (but not cleavage) of silane prior to the turnover limiting step as predicted in the 

calculated mechanism. We further explored this activation of silane by conducting an H/D 

scrambling experiment: 5 mol% 18 was added to a 1:1 mixture of deuterated triethylsilane and 

proteated dimethylphenyl silane. Upon heating at 80 ÁC the Si-H proton signal for triethylsilane 

observed in a 1:1 ratio with the Si-H signal for dimethylphenyl silane in the 1H NMR spectrum as 

shown in Figure 4.7. H/D exchange has also been observed in the BCF system by the Oestreich 

group, which proposed that the exchange occurs via sigma bond metathesis of two molecules of 

activated silane.64 Importantly they showed that when using a chiral silanes stereochemistry was 

retained precluding the intermediacy of free silylium ions. Thus, the revised mechanistic picture 

d[PhCHO]

dt
= k

obs
[Benzaldehyde][Silane]																		(1)

k
obs

=k [Re]																																																																			(2)
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shown in Scheme 4.10 offers a unified understanding of hydrosilylation catalyzed by these Re(III) 

complexes that involves an activated silane complex that exhibits FLP reactivity. 

 

 

 

Figure 4.7 1H NMR spectrum of a 1:1 mixture of dimethylphenylsilane, deutero-triethylsilane, 

and 18 after heating at 80 °C for 24 hours. The Si-H signal for dimethylphenyl silane is observed 

at 4.35 ppm and the Si-H signal for triethylsilane is observed at 3.55 ppm. 
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Scheme 4.10 Revised Mechanism for Hydrosilylation Catalyzed by 18 

 
 

 

4.2.4   Generality of Re Catalyzed Hydrosilylation 

 

With a new understanding of both neutral and cationic Re(III) catalyzed hydrosilylation in 

hand, the generality of this mechanism was probed. In order to identify the limits of catalyst design 

we examined the time profile for the catalytic hydrosilylation of benzaldehyde with a variety of 

neutral Re(III) and Re(V) complexes as shown in Figure 4.8. 
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Figure 4.8 Time profiles for catalytic hydrosilylation for a variety of Re(III) and Re(V) complexes. 

Reactions were run with 0.1 mol% Re at 80 °C neat and monitored by 1H NMR spectroscopy. 

 

It clear from Figure 4.8 that this reaction is quite general for a variety of Re(III) and Re(V) 

complexes. Ligand substitution in the X position for the C6F5-DAAm Re(III) complexes has little 

effect on the reactivity compared to changing the electronics of the diamido ligand. The electron 

withdrawing diamido ligand increases the rate of reaction for both Re(III) and Re(V) systems. It 

is also evident that the reaction is considerably faster with electron deficient Re(III) catalysts than 

with electron deficient Re(V) catalysts. However there is little difference in activity when the more 

electron rich Re(III) and Re(V) catalysts are compared. At this point the exact mechanism for these 

Re(V) catalyzed reactions is not known, however we have hypothesized that reduction of a Re(V) 

precatalyst by silane to an active Re(III) species may be operable based on the observation of the 

same Re(II) dimers after reaction with neat silane as have been observed for Re(III) complexes 

under the same conditions. In order to better understand the feasibility of this hypothesis we were 

interested in measuring the potential of the Re V/III reduction. However due to the general 

insolubility of the corresponding MesDAAm-Re(V) methyl complex in acetonitril e, cyclic 

voltammetry was conducted on the Mes-DAAm Re(III) methyl complex (Figure 4.9) in an attempt 

to measure the oxidation potential instead.  
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Figure 4.9 Cyclic voltammogram (CV) of Mes-DAAmRe(CO) Methyl complex in dry 

acetonitrile. Conditions: Au disk working electrode, Pt counter electrode, and Ag/AgCl reference 

electrode. 0.30 M [NBu4][PF6] supporting electrolyte. Variable scan rate. 

 

There are three waves apparent in the CV (~0.4 V, ~0.7 V, and ~0.8 V vs Ag/AgCl). 

Interestingly, there are no return waves observed for any peak. In order to better understand these 

processes the peak potential (Ep) of each wave was plotted against the log of the scan. This linear 

relationship allows for the determination of how many electrons are involved in the process and 

whether it is reversible. A slop of 29 mV/s suggests that the process is an irreversible two electron 

process, while a slope of 60 mV/s suggests that the process is a reversible one electron process.75 

Scan rate independence suggests that the process is reversible. The waves at -0.4 V and 0.8 V vs 

Ag/AgCl both display linear relationships with slopes within error of 29 mV/s as shown in Figure 

4.10 and Figure 4.11. 
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Figure 4.10 Plot of log scan rate vs Ep for wave at -0.45 V vs Ag/AgCl. m = - 43.3 mV/s (± 7.0 

mV/s) R2 = 974. 
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Figure 4.11 Plot of log scan rate vs Ep for wave at 0.88 V vs Ag/AgCl. m = 29.6 mV/s (± 0.09 

mV/s) R2 = 999. 
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 The wave at -0.45 V vs Ag/AgCl is consistent with the irreversible 2 electron 

reduction of Re(III) to Re(I). The wave at 0.88 V Ag/AgCl is consistent with the 2 electron 

oxidation of Re(V) to Re(VII). This likely occurs with corresponding loss of ligand which has 

been experimentally observed by the previous crystallization of a perrhenate species with 

protonated DAAm ligand as the counter ion under oxidizing conditions. Finally, the wave 0.67 V 

vs Ag/AgCl is scan rate independent as shown in Figure 4.12. This suggests electrochemical 

reversibility. However we do not observe a return wave, which prevents us from assigning the 

number of electrons involved in the process. The absence of a return wave may be due to 

subsequent chemical reaction of the electrochemical products, or from the rapid diffusion of 

electrochemical products from the electrode-face preventing detection. Diffusion limited detection 

could be circumvented by analysis at much higher scan rates, however noise and convolution 

inherent in this method may make observation of the return wave challenging. As it stands while 

this data may be consistent with oxidation of Re(III) to Re(V) followed by isomerization, reaction, 

or oxidation to Re(VII), we are unable to conclusively assign this peak at this time. Based on these 

results we find it reasonable that the Re(V) oxo complexes we have studied may indeed undergo 

reduction to Re(III) species that are responsible for catalytic activity and may then undergo further 

reduction to other low valent rhenium species. This reduction has been shown to be facile based 

upon the isolation of Re(II) dimers from both Re(III) and Re(V) systems, as well as the relatively 

low reduction potential obtained from electrochemical measurements.74 This implies that the 

mechanism we describe for Re(III) systems may be more general in scope than previously 

reported. 
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Figure 4.12 Plot of log scan rate vs Ep for wave at 0.67 V vs Ag/AgCl.  

 

4.2.5   Substrate Scope for Re(III) Catalyzed Hydrosilylation 

 

Our calculations indicate that ȹGÿ for hydrosilylation was dependent on both the amount 

of stabilization gained by substrate binding and the barrier for SN2-Si. We used this result to further 

understand the selective reduction of aldehydes in the presence of ketones, which should be more 
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nucleophilic (at oxygen) and undergo SN2-Si more rapidly. In Figure 4.13 pathways for the 

hydrosilylation of benzaldehyde and acetophenone catalyzed by 9C6F5 are compared.  

 

 

Figure 4.13 B3PW91-D3 calculated pathways for the hydrosilylation of benzaldehyde (red) and 

acetophenone (black) catalyzed by 9C6F5. 

 

Comparisons of the equilibrium constants for the binding of acetophenone and silane are 

shown in Table 4.2 and clearly show that the origin for the selectivity is primarily due to the 

position of the equilibrium of the carbonyl adduct 11 and its relative concentration compared to 

14. Strong binding of acetophenone results in a ratio of [14]/[11] that is approximately seven orders 

of magnitude smaller than the corresponding reaction with benzaldehyde. Further, because the 

acetophenone adduct is significantly stabilized relative to the starting complex 9 (ȹGÁ = -10.1 

kcal/mol) the overall activation energy for the SN2-Si step for acetophenone (28.7 kcal/mol) is 

significantly larger than the benzaldehyde reaction (18.3 kcal/mol).  

The enhanced stabilization of the rhenium-acetophenone adduct 11acet, results in inhibition 

of reactivity for this substrate at room temperature. This is reminiscent of the reactivity of 

Al(C6F5)3 with carbonyl substrates. However the reaction barrier appeared to be accessible under 

more forcing conditions. Heating the reaction to 100 °C for 24 h resulted in the catalytic 
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hydrosilylation of acetophenone, though starting material was still observed by 1H NMR. 

Increasing the temperature further resulted in better yields, however at 120 °C the silyl enol ether 

was observed in place of the expected silyl ether product as shown in Figure 4.14. 

 

 

Figure 4.14 1H NMR spectra of catalytic hydrosilylation of acetophenone with 9C6F5 at various 

temperatures. The Si-H of the silane starting material is observed at 4.3 ppm as a septet. The 

benzylic methine proton of the silyl ether product is observed as a quartet at 4.7 ppm. The alkenic 

protons of the silyl enol ether product are observed as doublets at 5.0 ppm. 

 

 Due to the harsh conditions required and the production of unwanted side products, 

we also conducted hydrosilylation of acetophenone with a variety of neutral Re(III) catalysts. As 

shown in Figure 4.15 the Re(III) acetate complexes also give some of the silyl enol ether product, 

however the ratio of silyl ether to silyl enol ether seems to be dependent on the electronics of the 

catalyst. The MesDAAm-ReOAc complex, 18Mes, resulted in a nearly 1:1 mixture of silyl ether to 

silyl enol ether as opposed to a 5:1 mixture observed when using 18C6F5. Conversely, when the 

acetate free C6F5DAAm-RePh complex, 27, was used no silyl enol ether was observed. For this 
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reason we carried out a substrate scope for catalytic hydrosilylation of ketones using 27 as shown 

in Figure 4.16. 

 

 

Figure 4.15 1H NMR spectra of catalytic hydrosilylation of ketones by 18C6F5 (green) and 18Mes 

(blue). The quartet for the silyl ether product is observed at 4.8 ppm. The doublets for the silyl 

enol ether product are observed at 4.9 ppm and 4.4 ppm. 
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Figure 4.16 Substrate scope for catalytic hydrosilylation of ketones by 27. Spectroscopic yields 

determined by integration of product signal by 1H NMR spectroscopy of the methine proton (silyl 

ether) or the alkene proton (silyl enol ether) against the aromatic signal of a mesitlyene internal 

standard (0.135 mmol). 

 

Excellent yields were observed for most substrates with the exception of the electron poor 

para-nitroacetophenone and 2,2,2-trifluoroacetophenone, which showed significantly reduced 

activity. The formation of B was also observed for the hydrosilylation of para-

methoxyacetophenone. This product was also observed as the sterics on aliphatic substrates were 

increased. This suggests that both steric and electronic factors play a role in favoring formation of 

the silyl ether over the silyl enol ether. 

In order to gain a better understanding of the underlying mechanism by which the silyl enol 

ether product is generated we calculated reaction pathways for both the cationic catalyst 9C6F5 and 

the neutral catalyst 18C6F5. The pathway catalyzed by 9C6F5 is a more simplistic mechanistic 

scenario as it lacks an internal base. As shown in Figure 4.17 and Chart 4.4, from the ion pair 16, 

one could imagine the hydride ligand acting as a base to deprotonate the Ŭ protons of the 

siloxycarbenium species. This occurs through a transition state of 10.0 kcal/mol as opposed to the 

hydride transfer pathway which occurs with a barrier of 5.2 kcal/mol. The product is the silyl enol 

ether and rhenium complex with a closely associated H2 molecule, 27. This deprotonation is 

reversible however upon release of H2 there would be a considerable entropic driving force. We 
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believe that at elevated temperatures this entropy driven process dominates to give the silyl enol 

ether. 

 

 

Figure 4.17 B3PW91-D3 calculated pathway for catalytic production of silyl enol ether with 9C6F5. 

 

 
Chart 4.4 Structures Used in the Calculated Pathway for the Catalytic Hydrosilylation of 

Acetophenone with 9C6F5. 
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As shown in Scheme 4.11 there are two mechanistic scenarios for silyl enol ether formation 

catalyzed by Re acetate complexes. We explored both of the scenarios computationally as shown 

in Figure 4.18 and Chart 4.5. The black pathway shows the catalytic hydrosilylation of 

acetophenone to give the silyl ether. Analogous to the benzaldehyde pathway the turnover limiting 

step is the SNSi. From the resulting ion pair 25, isomerization leads to 25ô. This is followed by a 

rapid hydride transfer step with a barrier of 0.9 kcal/mol relative to 25ô. The green pathway is 

analogous to the hydride deprotonation pathway previously described for the cationic catalyst 

9C6F5. Isomerization of 25 to 25ôô is followed by an essentially barrierless deprotonation yielding 

the silyl enol ether 28. The blue pathway represents the acetate assisted pathway. Isomerization of 

25 gives the lowest observed isomer of the ion pair 25*. 25* is approximately 1.1 kcal/mol more 

stable than 25ôô and almost 3.0 kcal/mol more stable than 25ô. Deprotonation of the 

siloxycarbonium ion by the ə1-acetate ligand proceeds through a barrier of 2.2 kcal/mol relative to 

25*. This results in an O-bound acetic acid rhenium complex 29 and silyl enol ether. Reversible 

proton transfer from the acetic acid ligand to the hydride to form H2 occurs with a barrier of 6.6 

kcal/mol relative to 29. The small differences in energy between direct hydride deprotonation and 

acetate-assisted deprotonation do not allow us to determine which pathway is dominant. However, 

both pathways are accessible under our reaction conditions. 
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Scheme 4.11 Two mechanistic scenarios for silyl enol ether production catalyzed by 18C6F5. The 

red arrows indicate the hydride deprotonation pathway, while the black arrows depict an acetate-

assisted pathway. 

 

 

 

Figure 4.18 B3PW91-D3 calculated pathway for catalytic production of silyl enol ether with 

19C6F5. 
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Chart 4.5 Structures Used in the Calculated Pathway for the Catalytic Hydrosilylation of 

Acetophenone with 19C6F5. 

 

 After this success identifying new conditions that would allow for the 

hydrosilylation of ketones, we decided to probe the reaction barrier for other substrates 

computationally. With our new understanding of how substrate binding impacts active catalyst 

concentration as well as the barrier of the SNSi step, we used the energy of the SNSi transition state 

and the energy of the rhenium substrate adduct complex to estimate the overall reaction barrier for 

the transformation. Benzonitrile binding to 9 was also found to be exergonic (DG° = -7.5 kcal/mol). 

The barrier for the nucleophilic attack of benzonitrile on silicon TSSN2-Si (ȹGÿ = 16.6 kcal/mol) and 

the overall hydrosilylation barrier for nitrile reduction was found to be 24.1 kcal/mol. These data 

suggest that nitrile hydrosilylation should be accessible with heating. As shown in Scheme 4.12, 

hydrosilylation of benzonitrile to the silyl imine was achieved with catalyst 9C6F5 (5 mol%) at 130 

°C. The proposed structure is based on the observation of m/z of 239.11 by GC/MS, as well as 

observation of the imine proton at 8.9 ppm in the 1H NMR spectrum.  
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Scheme 4.12 Catalytic hydrosilylation of benzonitrile. Catalysis performed with 9C6F5. Conversion 

determined relative to benzonitrile by GC. 

 

 

4.2.6   Analysis and Comparison of Metal-Silane FLP Structures 

 

Based on the determination that the mechanism of Re(III) catalyzed hydrosilylation is FLP-

like and analogous to the Piers BCF system, we utilized structural and energy decomposition 

analysis (EDA) to gain deeper insight into the nature of metal-silane FLPs. We utilized the AOMix 

program by Gorelsky to conduct this EDA. To implement this calculation the complexes are 

divided into chemically relevant fragments, (Chart 4.6). 

 

 

Chart 4.6 Defined metal and silane fragments used for EDA. 

 

The interaction energy (Eint) between these fragments is then calculated and decomposed 

into the orbital overlap contribution (EOrb) and an electrostatic contribution (ESteric). It is important 

to note, ESteric contains contributions from both the Pauli exchange repulsion energy (EEX), as well 

as from classical electrostatic interaction energies (EES).
76 The results of the EDA calculations are 

shown in Table 4.3.  
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Table 4.3 Energy decomposition analysis of in situ generated frustrated Lewis pairs 

Entry Complex Eorb (kcal/mol) Esteric (kcal/mol) |Eorb/Esteric| 

1 5B -53 22 2.3 

2 5Al -35 3 12.9 

3 5Ga -42 4.7 8.9 

3 14C6F5 -13 -11 1.1 

4 14Ph -71.6 26.6 2.4 

5 14Mes -31 -4 7.9 

6 23 -23 -3 8.5 

7 31 -18 -14 1.3 

8 32 -10 -7 1.5 

 

 

 

Chart 4.7 Example FLPs for EDA calculations. 

 

In an FLP, strong covalent bonding between the Lewis acid / base is minimized due to 

steric or electronic constraints. Therefore the forces responsible for holding the molecules together 

are predominantly noncovalent. The relative contributions of noncovalent/covalent interactions 

can be obtained by inspecting the absolute value of the ratio of the orbital interaction energy to the 
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steric energy (|Eorb/Esteric|) with values close to 1 suggesting equal contributions of covalent and 

non-covalent interactions.  

As shown in Figure 4.19, FLPs and classical Lewis adducts can be expressed as the outer 

limits of the |Eorb/Esteric| ratio. In the case of classical adducts the |Eorb/Esteric| will approach infinity 

as orbital interactions dominate the interaction energy and non-covalent steric contributions are 

minimized. As orbital contributions diminish and non-covalent interactions become more 

dominant, |Eorb/Esteric| will approach 0. The exact nature of a given species will depend on where it 

falls within this range. By using reference points of known adducts and FLPs a more nuanced 

picture can be described, with high values associated with classical adducts, while lower ratios are 

associated with FLPs. This is further illustrated by the |Eorb/Esteric| ratio for MesReOïB(C6F5)3, 31, 

and lutidineïB(C6F5)3, 32, both of which are known to exhibit FLP reactivity (Chart 4.7).5, 77 The 

ratios for these complexes are 1.3 and 1.5 respectively.  

 

 

Figure 4.19 FLP vs adduct character as a spectrum. 

 

Intermediate 13C6F5, which is very active for hydrosilylation has the |Eorb/Esteric| ratio 1.1. 

This is consistent with its assignment as an FLP. Intermediates 14Ph and 14Mes have less FLP 

character with absolute ratios of 2.4 and 7.9 respectively, which is consistent with their diminished 

reactivity. The neutral Re(III) catalyst 23 has an absolute ratio of 3.4, which is again consistent 

with the requirement for harsher conditions (temperature and catalyst loading) required to achieve 
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conversion when 18 is used as a catalyst. Finally, 5Al which was shown to be inactive for the 

catalytic hydrosilylation of carbonyl substrates has an Eorb/Esteric ratio of -12.9. 

A trend is also clear when the length of the SiïH bonds in the activated complexes are 

compared. Intermediate 14C6F5 has the most elongated SiïH bond (1.591 Å) followed by 5B with an 

SiïH bond length of 1.563 Å, and 23 with an SiïH bond length of 1.542 Å. These are all elongated 

from the unactivated SiïH bond length of 1.494 Å, but are significantly shorter than the 1.703 Å 

average of ɖ2 SiïH bonds of transition metal silane complexes contained in the CCSD, and shorter 

still than the average (2.500 Å) SiïH bonds of known silyl metal hydrides. Importantly, the trend 

in Si-H bond length mirrors the trend in |Eorb/Esteric|, where lower ratios correspond to increased FLP 

character, increased silane activation, and increased catalytic activity in carbonyl hydrosilylation 

(Figure 4.20).  

 

 

Figure 4.20 Trends in SiïH bond lengths, |Eorb/Esteric| and reactivity. 

 

4.3 Conclusions 

 

The off-cycle equilibrium binding of carbonyl substrates is an important factor in 

determining the activity of Lewis acids in hydrosilylation catalysis, and is consistent with the 

observation that strong Lewis acids such as Al(C6F5)3 are unable to catalyze the hydrosilylation of 

carbonyl substrates. The mechanism for Re catalyzed hydrosilylation is best described by the  FLP 

mechanism first proposed by Piers for the B(C6F5)3 catalysts with an activated Re(III) silane 

intermediate that exhibits FLP reactivity. Isolated intermediates and cyclic voltammetry data 

suggest that this mechanism may also be the dominant pathway for DAAmRe(V) complexes via 
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initial reduction to an active Re(III) species. An energy decomposition analysis (EDA) study 

suggest that the frustrated Lewis pair reactivity arises from a change in the ratio of orbital and 

steric energy contributions to the interaction energy between the Lewis acid and base. This allows 

frustrated Lewis pairs and adducts to be described by a spectrum of reactivity. Understanding the 

nature of covalent and non-covalent interactions within this spectrum has important implications 

for the rational design of new catalysts.  

It was also shown that controlling the Lewis acidity of the metal component is critical for 

the selectivity of catalytic hydrosilylation. This strategy has allowed for the reduction of ketones 

and nitriles which were unreactive under previously reported conditions. We additionally showed 

computational evidence that accounts for the formation of silyl ether side products that may offer 

insights for achieving selective access to the products in the future. The FLP reactivity described 

is most likely quite general for rhenium complexes and the mechanisms proposed here lay the 

foundation for the design of new catalytic systems. 

 

4.4 Experimental 

 

General Considerations. Complexes 9C6F5, 9Mes, and 18 were prepared as reported in the 

literature.11 All reactions were conducted under nitrogen in a glovebox or using standard Schlenk 

line techniques unless otherwise noted. All other reagents were purchased from commercial 

sources and used as received. 1H, 13C, and 19F NMR spectra were obtained on a Varian Mercury 

400 MHz, a Varian Mercury 300 MHz, or a Br¿ker 500 or 700 MHz spectrometer at room 

temperature. Chemical shifts are listed in parts per million (ppm) and referenced to the residual 

protons or carbons of the deuterated solvents respectively. Elemental analyses were performed by 

Atlantic Microlabs, Inc. X-ray crystallography was performed at the X-ray Structural Facility of 

North Carolina State University.  

 

Cyclic Voltammetry of Mes-DAAmRe(CO)CH3. Measurements were conducted on a Pine 

Research WaveDriverÈ 200 Integrated Bipotentiostat/Galvanostat. An acetonitrile solution of 

rhenium complex (0.01 M) and tetrabutylammonium hexafluorophosphate (0.30 M) was prepared. 
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Cyclic voltammetry was conducted with an Au disk working electrode, Pt disk counter electrode 

and Ag/AgCl reference electrode. 

 

General Procedure for Kinetic Profiles. The rhenium catalyst was dissolved in 0.25 mL 

benzaldehyde (2.46 mmol) and 0.38 mL dimethylphenyl silane (2.46 mmol) was added to the 

solution. Mesitylene 0.34 mL (2.46 mmol), was then added as an internal standard. The reaction 

was then divided into 0.1 mL aliquots and placed in screwcap NMR tubes. The reaction was then 

heated at 80 ÁC for the appropriate time. Deuterated chloroform was then added to reaction 

mixture. The product and benzaldehyde concentrations were determined using 1H NMR 

spectroscopy to compare the integral of the product peak to the signal for the aromatic protons of 

the internal standard. 

 

General Procedure for Ketone Hydrosilylation Reactions. The rhenium catalyst (5 mol%) was 

added to a screwcap NMR tube and dissolved in ketone (0.135 mmol). Dimethylphenyl silane 

(62.2 ɛL, 0.406 mmol) was then added to the solution. The reaction was then heated at 110 ÁC for 

24 hours. Deuterated chloroform and an internal standard (mesitylene, 0.135 mmol) was then 

added to reaction mixture. The percent conversion was determined using 1H NMR spectroscopy 

to compare the integral of the product peak to the signal for the aromatic protons of the internal 

standard. 

 

Hydrosilylation of Benzonitrile. The rhenium catalyst (5 mol%) was added to a screwcap NMR 

tube and dissolved in benzonitrile (13.9 ɛL, 0.135 mmol). Dimethylphenyl silane (20.8 ɛL, 0.136 

mmol) was then added to the solution. The reaction was then heated at 110 ÁC for 24 hours. 

Deuterated chloroform was then added to reaction mixture. The percent conversion was 

determined using Gas Chromatography to calculate the concentration of benzonitrile in the 

solution based on a calibration curve relative to the starting benzonitrile concentration. 

 

Computational Methods. Theoretical calculations have been carried out using the Gaussian 0978 

implementation of B3PW9179 density functional theory with the D3 version of Grimmeôs 

empirical dispersion correction.28 All geometry optimizations were carried out in the gas phase 

using tight convergence criteria (ñopt = tightò) and pruned ultrafine grids (ñInt = ultrafineò). The 
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basis set for rhenium was the small-core (311111,22111,411) Ÿ [6s5p3d] Stuttgart-Dresden basis 

set and relativistic effective core potential (RECP) combination (SDD) with an additional f 

polarization function.80 The 6-31G(d,p) basis set81 was used for all other atoms. All structures were 

fully optimized. Analytical frequency calculations were performed on all structures to ensure either 

a zeroth-order saddle point, (a local minimum), or a first-order saddle point (transition state: TS) 

was achieved. The minima associated with each transition state were determined by animation of 

the imaginary frequency. Energetics were calculated on the gas phase optimized structures as 

described above with the 6-311++G(d,p)51a basis set for C, H, N, O and F atoms and the SDD80a-

m, 82 basis set with an added f polarization function80n on Re. Reported energies utilized analytical 

frequencies and the zero point corrections from the gas phase optimized geometries and did not 

include solvent corrections. Mulliken population analysis (MPA) and energy decomposition 

analysis (EDA) were performed using AOMix 6.90.83 
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Chapter 5 Accessing Ŭ-dicarbonyl Re(III) Complexes by Sequential Insertion of 

Carbon Monoxide 
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5.1 Introduction  

 

As shown in Scheme 5.1 the insertion of an unsaturated ligand Y, into an adjacent metal-

ligand bond, M-X, is a well-known class of reactions known as migratory insertion.45, 84 Migratory 

insertions of carbon monoxide into M-X bonds is of particular interest as it represents a way to 

form the ubiquitous carbonyl functionality of organic molecules from small molecule feedstocks.85 

This type of migratory insertion is commonly called carbonylation and its microscopic reverse, 

decarbonylation.  

 

Scheme 5.1. General reaction scheme for migratory insertion reactions. 

 

 

The carbonylation of metal alkyl bonds has been described for all transition elements and 

has been extensively studied in the literature.86 It is largely thought to occur via a two-step 

mechanism as shown in the example of a Mn(I) carbonyl complex (Scheme 5.2).87 The first step 

is the migratory insertion of the CO ligand into the Mn alkyl bond. This results in an open 

coordination site at the metal center. The next step is then the coordination of triphenylphosphine 

to the Mn center.  

 

Scheme 5.2. An example of the general 2-step mechanism for the carbonylation of Mn-alkyl 

bonds, where the first step is migratory insertion. 

 

 

This mechanistic picture is strongly supported by kinetic data and isotopic labeling 

studies.86b, 86d, 88 It was also observed that when isotopically labelled CO is utilized the external 

13CO does not appear in the acyl product unless there is considerable exchange of CO ligands prior 

to insertion. This suggests that in complexes that do not already possess carbonyl ligands, 

formation of metal carbonyl adduct is an essential precursor to carbonylation. 
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However this is not the exclusive mechanism for this reaction. Our group has previously 

reported the carbonylation of Re alkyl bonds via direct insertion as shown in Scheme 5.3.44, 89 It 

was shown that incorporation of an oxo ligand exerts a strong trans influence that can substantially 

destabilize CO adduct formation resulting in carbonylation by direct insertion. This mechanism 

was supported with both kinetic and computational studies. The activation barriers for the reaction 

were also determined and the entropy of activation was large and negative (ȹSÿ = -49 cal/mol·K).  

 

Scheme 5.3. Direct carbonyl insertion into a Re methyl bond reported by Ison and coworkers. 

 

 

Carbonylation reactions have found use industrially as important methods for the catalytic 

production of aldehydes from alkenes (hydroformylation),4b, 56b, 90 carboxylic acids from alcohols 

(Monsanto acetic acid process),91 and the formation of carboxylic acids and esters from alkenes 

(Reppe synthesis).92 The application of this chemistry to a wide variety of small molecule 

feedstocks has led to the desire for even more diverse approaches for the utilization of carbon.85c 

Building on our previous work investigating the direct insertion of CO into Re alkyl bonds, 

we pursued the study of carbonyl insertion into Re hydride bonds.11, 33 Carbonyl insertion into M-

H bonds is much less common due to thermodynamic unfavorability.45 One can obtain a reasonable 

approximation of the thermodynamic favorability of an insertion reaction by considering the 

corresponding bond energies. An example for the insertion of CO into an M-H is shown in 

Equation 5.1. 
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( ( ( ) ) ( ( ) )) ( ( ) ( ))rxnG G M C O H G MC O H G M H G M COD ¯ = D ¯ - +D ¯ - - D ¯ - +D ¯ - 

Equation 5.1. Approximate free energy of reaction based upon the strength of the metal formyl 

bond, the C-H bond in the formyl ligand, the metal hydride bond, and the metal carbonyl bond 

 

The strength of metal hydride bonds typically precludes insertion by making the formation 

of the formyl derivative thermodynamically uphill. However this is not always the case and there 

are a few examples in the literature.93 The formyl derivative may be stabilized relative to the metal 

hydride if there is an especially strong M-C(O)H bond or if the formyl ligands binds in an ɖ2-

fashion. An example of each of these cases is shown in Figure 5.1. 

 

 

Figure 5.1. Examples of the formation of metal acyl complexes. The formation of a Rh acyl 

stabilized by strong Rh-C interactions reported by Wayland is shown on top.93a This process was 

later shown to be a radical mediated process as opposed to insertion chemistry. The formation of 

a Th acyl complex stabilized by ɖ2 coordination of the resulting acyl reported by Marks is shown 

on the bottom.93b 

 

Based on our description of a novel mechanism for CO insertion into Re alkyl bonds, we 

were interested in its implications for CO insertion into other Re-X bonds, especially Re-H bonds. 

Computational studies of CO insertion into the Re-H bond of diamidoamine (DAAm) oxorhenium 

hydride complexes was shown to be thermodynamically favorable depending on the ligand.11 The 

hydride complex featuring the strongly electron withdrawing ligand C6F5-DAAm, 4C6F5, has a ȹGÁ 

= -1.4 kcal/mol for Re formyl formation according to M06 calculations. Formyl formation from 

the hydride complex with the more electron donating ligand Mes-DAAm, 4Mes, is essentially 

thermoneutral (ȹGÁ = -0.4 kcal/mol). Experimentally, reaction of these complexes resulted in the 

formation of a mixture of a Re(III) hydroxyl species, 6, and a carbonate bridged rhenium dimer, 

8. The dimer was proposed to arise from the reaction of the Re(III) hydroxyl with an in situ 

generated Re(III) formate complex, 7. The formation of both 6 and 7 can be explained by the 

existence of a putative oxorhenium Ŭ-ketoformyl intermediate 5. A summary of these reaction 
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pathways is shown in Scheme 5.4. The viability of this intermediate was assessed by computations. 

The lowest energy pathways identified for both 4Mes and 4C6F5 indeed involved the intermediacy 

of the Ŭ-dicarbonyl species 5. The formation of 5 is endergonic for both systems with the M06 

calculated ȹGÁ = 5.8 kcal/mol for 5Mes and ȹGÁ = 6.7 kcal/mol for 5C6F5. 

 

Scheme 5.4. Proposed reaction pathways for the insertion of CO into the Re-H bond of 4.11 

 

 

The formation of 5 is a rare example of not only insertion of CO into an M-H bond which 

is generally thermodynamically unfavorable as previous described, but also an example of CO 

insertion into a metal formyl bond. CO insertion into metal acyl bonds is generally considered 

forbidden. The phenomena has been studied previously in the literature primarily by the synthesis 

of metal pyruvoyl complexes to study the kinetics of decarbonylation. There is however a report 

of the formation of a metal Ŭ-dicarbonyl by insertion of CO from Casey and coworkers.94 In this 

report a manganese Ŭ-ketoacyl complex is formed from the insertion of CO into the Mn acyl bond 

of a manganese pentacarbonyl acyl complex. The proposed reaction mechanism is shown in 

Scheme 5.5 
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Scheme 5.5. Insertion of CO into a Mn acyl bond to give a Mn Ŭ-dicarbonyl complex followed by 

decarbonylation. 

 

 

By 1H NMR experiments, Casey and coworkers were able to obtain an equilibrium constant 

for the formation of the Mn Ŭ-dicarbonyl complex from the Mn pentacarbonyl acyl species (K = 

2.5 x 10-3 M-1 at 85 °C). From this they calculated that the Mn Ŭ-dicarbonyl must be 4.2 kcal/mol 

less stable than the Mn acyl. Further support for this pathway is offered by Sheridan and coworkers 

who were able to synthesize and isolate analogs of the Mn Ŭ-dicarbonyl, as well as an iron analog 

as shown in Figure 5.2.95 

 

 

Figure 5.2. Synthesis of Mn Ŭ-dicarbonyl via NO oxidation and insertion reported by Sheridan. 

 

   

 

 

Figure 5.3. General form of DAAm Re(III) complexes used in this study. 

 

Encouraged by the unconventional reactivity of oxorhenium hydrides with CO, we decided 

to turn our attention towards the reaction of CO with DAAmRe(III) complexes of the form shown 
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in Figure 5.3. In this chapter the reaction of 9 with CO and isonitriles is described. Kinetic and 

spectroscopic evidence for the formation of a Re Ŭ-dicarbonyl species analogous to 5 is also 

reported. These experimental studies are supported by computational investigations that suggest 

that under reaction conditions there is an accumulation of Re Ŭ-dicarbonyl in solution. 

Computational data suggest this equilibrium position is sensitive to the electronics of the metal 

ligands and offers insights into potential tunability. Furthermore, we describe the analogous 

insertion reaction with isonitriles. The thermodynamic favorability of this reaction allowed for the 

observation of single, double, and triple insertion products. These pathways were also calculated 

and offer a mechanistic picture that is strikingly similar to the insertion of CO. Based on this 

evidence we propose a revisiting of the current consensus of the favorability of CO insertion into 

metal acyl and formyl bonds, as well as the mechanistic viability of Ŭ-dicarbonyl intermediates. 

5.2 Results and Discussion 

 

5.2.1 CO Insertion Kinetics 

 

The reaction of a dichloromethane solution of 9Me with 20 psi of CO proceeds rapidly. 

Nearly full consumption of 9Me is observed in 30 minutes at room temperature as shown in Figure 

5.4. 

 

 

Figure 5.4. 1H NMR spectrum of the reaction of 9Me with 20 psi CO at room temperature in 

CD2Cl2. 
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Initially we ascribed the 1H NMR spectrum observed at 30 min to the production of the 

Re(III) acyl complex 10 via the insertion reaction described below in Scheme 5.6. However, upon 

probing the reaction kinetics at 0 °C we observed the appearance of what is best described as 

sequential processes at higher CO pressures. This phenomenon is displayed in Figure 5.5. 

 

Scheme 5.6. Proposed insertion of CO into the Re-CH3 bond of 9Me to yield 10Me. 

 

 

 
Figure 5.5. Kinetic profiles for carbonylation of 9Me. Pressure of CO varies by panel: A) 10 psi, 

B) 20 psi, and C) 40 psi. The data were fit to a biexponential (red). Biexponential used for fit: m1 

+ m2*(1 - exp(-m3*x)) + m4*(1 - exp(-m5*x)). 

 

These data imply that after an accumulation of 10Me a second process begins to become 

kinetically relevant at higher pressures of CO. The absence of decomposition products by NMR, 

suggested clean conversion to a new complex. We hypothesized that under the reaction conditions 

insertion of another molecule of CO into the newly formed Re acyl bond would be consistent with 

our experimental observations as shown in Scheme 5.7. 
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Scheme 5.7. The sequential insertion of CO into the Re-CH3 bond of 9Me to give 11Me. 

 

 

Crystals were grown from the reaction solution in an attempt to identify the species by X-

ray crystallography. However the complex 9Me was isolated. This could arise from either 

incomplete conversion of 9Me which we found unlikely based on 1H NMR data, or from the 

decarbonylation of either 10Me or 11Me. In order to probe this further we synthesized 9Bn and 9BnOMe 

(Scheme 5.8). Alkylation of the Re(III) acetate complex with ten equivalents of the desired 

Grignard reagent in dichloromethane afforded 9Bn and 9BnOMe in good yields. The benzyl protons 

of complexes 9Bn and 9BnOMe offer a convenient spectroscopic handle that allow for the observation 

of equilibrium processes more easily.  

 

Scheme 5.8. Synthesis of 9Bn and 9BnOMe. 

 

 

Complex 9BnOMe reacts cleanly with 20 psi CO to give a mixture of 9BnOMe and 10BnOMe. 

The 1H NMR spectra shown in Figure 5.6 display very clearly that at some time after 1 h the 

reaction reaches equilibrium.  The peaks assigned to the corresponding acyl complex 10BnOMe are 

observed to decay upon the loss of CO pressure. 
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Scheme 5.9. Proposed Reaction of 9BnOMe with CO. 
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Figure 5.6 1H NMR spectra for the reaction of 9BnOMe with CO. Reaction run at room temperature 

in CD2Cl2 with 20 psi CO. 9BnOMe: 1H NMR (600 MHz, CD2Cl2) ŭ 6.81 (d, J = 8.6 Hz, 2H, 4-

OMe-Bn ortho-H), 6.74 (s, 4H, Mes Ar H), 6.59 (d, J = 8.7 Hz, 2H, 4-OMe-Bn ortho-H), 3.63 (s, 

3H, -OCH3), 3.60 ï 3.49 (m, 4H, MesDAAm ïCH2- x2), 3.07 (dt, J = 11.4, 5.6 Hz, 2H, MesDAAm 

ïCH2-), 2.97 ï 2.91 (m, 5H, overlapping N-CH3 and MesDAAm ïCH2-), 2.89 (s, 2H, Re-CH2-

Ph), 2.19 (s, 6H, Mes CH3), 2.07 (s, 6H, Mes CH3), 1.97 (s, 6H, Mes CH3). 10BnOMe: 1H NMR 

(600 MHz, CD2Cl2) ŭ 6.91 (d, J = 8.4 Hz, 2H, 4-OMe-Benzyl meta-H), 6.80 (s, 2H, Mes ortho-

H), 6.74 (s, 2H, Mes meta-H), 6.71 (d, J = 8.4 Hz, 2H, 4-OMe-Benzyl ortho-H), 3.67 (s, 3H, -

OCH3), 3.62 (m, 5H, overlapping ïCH2-(4-OMe-Ph), MesDAAm ïCH2-), 3.54 (dt, J = 14.0, 5.5 

Hz, 2H, MesDAAm ïCH2-), 3.04 (dt, J = 11.5, 5.5 Hz, 2H, MesDAAm ïCH2-), 2.96 ï 2.86 (m, 

2H, MesDAAm ïCH2-), 2.70 (s, 3H, N-CH3), 2.31 (s, 6H, Mes ïCH3), 2.20 (s, 6H, Mes ïCH3), 

1.99 (s, 6H, Mes ïCH3). 

 

In an attempt to drive the reaction to product 10BnOMe the reaction vessel was charged with 

a higher pressure of CO as shown in Figure 5.7. The addition of more CO does drive the reaction 

further towards the products. At 40 psi CO approximately 85 % conversion is observed 

spectroscopically. The methylene group of the starting material is observed at 2.89 ppm. In the 

product spectrum this methylene signal shifts downfield significantly to 3.62 ppm. This is 

consistent with the insertion of CO into the Re alkyl bond. Based upon DFT studies discussed later 

in this chapter, we expect the equilibrium mixture of this reaction to consist of 10BnOme and 

11BnOMe, however we do not observe a discernible mixture by 1H NMR spectroscopy.  
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Figure 5.7 Reaction of 9BnOMe with excess pressure of CO. Reactions run in CD2Cl2 at 

room temperature. The signals from the ïOCH3 protons and mesitylene CH3 protons are 

highlighted in blue and red respectively. Spectrum at 40 psi, 10BnOMe: 1H NMR (600 MHz, CD2Cl2) 

ŭ 6.91 (d, J = 8.4 Hz, 2H, 4-OMe-Benzyl meta-H), 6.80 (s, 2H, Mes ortho-H), 6.74 (s, 2H, Mes 

meta-H), 6.71 (d, J = 8.4 Hz, 2H, 4-OMe-Benzyl ortho-H), 3.67 (s, 3H, -OCH3), 3.62 (m, 5H, 

overlapping ïCH2-(4-OMe-Ph), MesDAAm ïCH2-), 3.54 (dt, J = 14.0, 5.5 Hz, 2H, MesDAAm ï

CH2-), 3.04 (dt, J = 11.5, 5.5 Hz, 2H, MesDAAm ïCH2-), 2.96 ï 2.86 (m, 2H, MesDAAm ïCH2-

), 2.70 (s, 3H, N-CH3), 2.31 (s, 6H, Mes ïCH3), 2.20 (s, 6H, Mes ïCH3), 1.99 (s, 6H, Mes ïCH3). 

Residual starting material Mes ïCH3 peaks observed at 2.18, 2.07, and 1.97 ppm. 

 

This experiment was repeated for 9Bn with the inclusion of mesitylene as an internal 

standard to track the concentration of the Re species. As shown in Figure 5.8 the addition of CO 

(50 psi) a solution of 9Bn in methylene chloride results in an initial mixture of 9Bn, 10Bn, and a third 

species. This is analogous to the reactivity with 9BnOMe. However upon degassing of the sample, 

the 1H NMR spectrum of the starting material is not recovered. Instead the third species (Re-CO, 

see Scheme 5.10) persists and is observed in 65% yield relative to the internal standard.  
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Figure 5.8 1H NMR spectra for the reaction of 9Bn with CO. Mesitylene internal standard peaks 

observed at 3.70 ppm and 2.17 ppm. The bottom spectrum shows a mixture of 9Bn (Å) and 

mesitylene. The middle spectrum shows the reaction mixture observed under 50 psi CO containing 

9Bn (Å), 10Bn (*), and the final product Re-CO (+). The top spectrum shows the resulting spectrum 

of the same sample upon degassing showing only the final product in 65 % yield. 9Bn: 1H NMR 

(600 MHz, CD2Cl) ŭ 7.01 (t, J = 7.7 Hz, 2H, benzyl meta-H), 6.88 (d, J = 7.0 Hz, 2H, benzyl 

ortho-H), 6.79 (t, J = 7.3 Hz, 1H, benzyl para-H), 6.73 (s, 4H, Mes aryl H), 3.55 (qq, J = 11.5, 5.4 

Hz, 4H, MesDAAm -CH2-), 3.10 ï 3.03 (m, 2H, MesDAAm -CH2-), 2.95 (s, 3H, -NCH3), 2.93 

(dd, J = 11.9, 6.1 Hz, 2H, MesDAAm -CH2-), 2.90 (s, 2H, Benzyl -CH2-), 2.18 (s, 6H, MesDAAm 

-CH3), 2.06 (s, 6H, MesDAAm -CH3), 1.97 (s, 6H, MesDAAm -CH3). 10Bn: 1H NMR (600 MHz, 

CD2Cl2) ŭ 7.17 (t, J = 7.6 Hz, 2H, benzyl meta-H), 7.10 ï 7.06 (m, 1H, benzyl para-H), 7.00 (d, J 

= 8.1 Hz, 2H, benzyl ortho-H), 6.81 (s, 2H, Mes aryl H), 6.75 (s, 2H, Mes aryl H), 3.70 (s, 2H, 

Benzyl -CH2-), 3.63 (dt, J = 13.9, 5.5 Hz, 2H, MesDAAm -CH2-), 3.56 (dt, J = 14.1, 5.1 Hz, 2H, 

MesDAAm -CH2-), 3.05 (dt, J = 11.5, 5.5 Hz, 2H, MesDAAm -CH2-), 2.95 ï 2.90 (m, 2H, 

MesDAAm -CH2-), 2.71 (s, 3H, -NCH3), 2.32 (s, 6H, MesDAAm -CH3), 2.21 (s, 6H, MesDAAm 

-CH3), 1.99 (s, 6H, MesDAAm -CH3). Re-CO: 1H NMR (600 MHz, CD2Cl2) ŭ 6.86 (s, 2H, Mes 

Aryl H), 6.65 (s, 2H, Mes Aryl H), 3.62 ï 3.54 (m, 2H, MesDAAm -CH2-), 2.87 ï 2.80 (m, 2H, 

MesDAAm -CH2-), 2.57 ï 2.51 (m, 2H, MesDAAm -CH2-), 2.49 ï 2.44 (m, 2H, MesDAAm -

CH2-), 2.22 (s, 3H, MesDAAm -CH3), 2.16 (s, 3H, -NCH3), 2.09 (s, 3H, MesDAAm -CH3), 2.07 

(s, 6H, MesDAAm -CH3), 1.97 (s, 6H, MesDAAm -CH3). 2-phenylactic acid observed at 7.15-

7.10(m, 3H, phenyl ortho and para H), 6.91 (t, J = 6.7 Hz, 2H, phenyl meta H), 3.17 (s, 2H, Ph-

CH2-).  
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Figure 5.9 13C NMR spectra for the reaction of 9Bn with CO. The bottom spectrum shows 9Bn (Å). 

The middle spectrum shows the reaction mixture observed under 50 psi CO. Mesitylene is 

observed at 137.6, 126.75, and 20.88 ppm. Peaks attributed to each species are demarcated (9Bn, 

Å; 10Bn, *; Re-CO, +). The top spectrum shows the resulting spectrum of the same sample upon 

degassing giving only Re-CO. 9Bn: 13C NMR (151 MHz, CD2Cl2) ŭ 200.81, 157.20, 152.64, 

133.89, 131.85, 130.33, 128.61, 128.49, 128.08, 126.97, 123.15, 61.57, 59.00, 45.56, 44.67, 20.33, 

19.19, 18.84. 10Bn: 13C NMR (151 MHz, CD2Cl2) ŭ 281.02, 201.35, 157.16, 134.18, 131.78, 

130.67, 129.83, 128.98, 128.68, 127.95, 125.99, 62.24, 61.69, 59.10, 48.68, 20.32, 19.41, 19.25. 

Re-CO: 13C NMR (151 MHz, CD2Cl2) ŭ 199.84, 199.13, 138.01, 137.88, 135.85, 129.44, 128.96, 

128.20, 126.45, 57.60, 55.19, 47.37, 45.77, 41.60, 20.65, 20.19, 18.13, 17.97. 2-phenylacetic acid 

is observed at 171.26, 135.21, 129.69, 129.12, 128.02, 40.58 ppm. 

 

The 1H NMR spectrum of the decomposition products suggested that there was a 

desymmetrization of the complex resulting in chemical inequivalency of one set of the ligand 

mesitylene CH3 signals. This is further supported by the 13C NMR where the methylene carbons 

of the ligand backbone ( 

Figure 5.9, top spectrum, 40-47 ppm) are observed as individual signals. Attempts to 

grow crystals for X-ray analysis were unsuccessful. The 13C NMR spectrum of the 
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decomposition products resulting from reaction of 9Bn with 13CO results in enhancement of the 

signals at 199.84, 199.13, and 171.26 ppm as shown in Figure 5.10. Interestingly there is no Re-

acyl carbon observed in this decomposition product. Additionally the singlet observed at 40.58 

ppm in  

Figure 5.9 is a doublet (J = 51.3 Hz) in the 13C labeled reaction. This is suggestive of one 

bond 13C-13C coupling. This allowed us to assign this peak as the benzylic carbon adjacent to the 

labeled 13C in the product arising from the incorporation of 13CO. Additionally, the singlet 

observed at 3.15 ppm in the 1H NMR spectrum shown in Figure 5.8 is observed as a doublet (J = 

6.4 Hz) in the 13C labeled reaction leading us to assign this peak as the methylene protons of a 

benzyl species.   

 

 

Figure 5.10 13C NMR spectrum of the reaction of 13CO with 9Bn obtained up degassing. 2 peaks 

are observed in the Re-CO region of the spectrum (199.8 and 199.1 ppm). The peak observed at 

171.26 ppm shows enhancement relative to the unlabeled spectrum shown in  

Figure 5.9. The singlet observed at 40.58 ppm in  
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Figure 5.9 is present as a doublet (J = 51.3 Hz).  

 

HSQC and HMBC experiments were performed to corroborate these assignments. As 

shown in Figure 5.11 the expected coupling between the assigned benzyl protons and the signal at 

40.48 ppm is observed. Additionally, we were able to observe the coupling of the ligand backbone 

peaks to each of the individual carbons in the 13C NMR spectrum. An HMBC experiment shown 

in Figure 5.12 shows the coupling between the benzylic protons and the signal at 171.26 ppm. This 

suggested to us that the incorporated CO was still present and bound to the benzylic carbon. The 

lack of a metal acyl signal combined with the 13C NMR shift of this peak led us to suspect 

decomposition resulting in an organic carbonyl species and a new rhenium species. Based upon 

these assignments, the absence of a Re acyl signal, and the desymmetrization of the ligand 

backbone we propose that the spectrum observed upon degassing can be explained as a mixture of 

an organic product (2-phenylacetic acid) and a rhenium carbonyl complex, Re-CO, as shown in 

Scheme 5.10. 

 

Scheme 5.10 Reaction of 10Bn with Excess CO and H2O to give Re-CO. 
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Figure 5.11 HSQC of the final reaction mixture composed of Re-CO and 2-phenylacetic acid. 

The coupling between the benzylic protons of 2-phenylacetic acid and the benzyl carbon at 40.58 

ppm is observed in the red box.  
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Figure 5.12 HMBC of the final reaction mixture composed of Re-CO and 2-phenylacetic acid. 

The coupling between the benzylic protons of 2-phenylacetic acid and the carbonyl carbon at 

171.26 ppm is observed in the red box. 

 

In order to further probe this reaction mixture we conducted further 13C NMR and 13C 

labelling studies to determine whether the equilibrium between 10 and 11 is present and simply 

not easily distinguished by 1H NMR spectroscopy. 

 

 

5.2.2 Pursuit of NMR Evidence for the Formation of an Ŭ-dicarbonyl Species by 

Sequential Insertion 

 

The biexponential kinetics for the reaction of 9Me with CO and the observation of various 

equilibria present in this reaction gave us an indication that the presence of 11 in solution was a 

possibility. In order to gain more robust evidence for 11Bn we conducted an isotopic labeling study. 

A solution of 9Bn was pressurized with 50 psi 13CO. The resulting 13C NMR spectrum showed a 
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large singlet at 281.02 ppm as shown in Figure 5.13. Additionally, several CO signals are observed 

near the region of the apical CO signal in the spectrum of 9Bn which appears at 200.8 ppm (Figure 

5.13 bottom spectrum). Additionally there is a small doublet observed at 171.8 ppm with a 

coupling constant of J = 29.6 Hz. This shift and coupling constant are consistent with calculated 

NMR shifts for the distal C(O) moiety of 11Bn, however the inability to observe a corresponding 

acyl signal, the proximity of the surrounding peaks, and decomposition to Re-CO prevent a 

definitive assignment.  

 

 

Figure 5.13 13C NMR spectrum for the reaction of 9Bn with 13CO. Reaction run at room in CD2Cl2 

at room temperature with 50 psi CO. The peaks previously assigned to 10Bn (Figure 5.9) are 

denoted with *. Peaks attributed to Re-CO and 2-phenyl acetic acid are denoted with +. The 

starting complex 9Bn is shown at the bottom for comparison. The peak at around 171 ppm are 

enlarged in the inset. 

 

Additionally, the 1H NMR spectrum for the insertion of 13CO into the Re alkyl bond of 9Bn 

(Figure 5.14) reveals a new doublet with a J = 4.2 Hz appearing in the place of the previously 

singlet assigned to the benzoyl proton signal observed in Figure 5.8. The magnitude of this J 
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coupling is consistent with reported 3JC-H values.96 We are also able to observe three sets of 

mesitylene CH3 signals in the alkyl region suggesting three rhenium species are present in solution. 

These are able to be assigned as 9Bn, 10Bn, and small amounts of Re-CO The observation of this 

coupling in addition to the 13C NMR data offer support for CO insertion into the Re alkyl bond. 

Based upon these results we propose that the major species in solution is 10Bn along with 9Bn. We 

also detect a third species that is consistent with Re-CO. 

 

 

Figure 5.14 1H NMR spectrum of the insertion of 13CO (30 psi) into the Re alkyl bond of 9Bn. A 

new doublet for the benzoyl protons is observed at 3.70 ppm with a J = 4.2 Hz. 10Bn (*) : 1H NMR 

(700 MHz, CD2Cl2) ŭ 7.16 (t, J = 7.6 Hz, 2H, benzyl meta-H), 7.08 (t, J = 7.4 Hz, 1H, benzyl para-

H), 6.99 (d, J = 8.1 Hz, 2H, benzyl ortho-H), 6.80 (s, 2H, Mes aryl H), 6.74 (s, 2H, Mes aryl H), 

3.70 (d, J = 4.2 Hz, 2H, benzyl -CH2-), 3.66 ï 3.61 (m, 2H, MesDAAm -CH2-), 3.58 ï 3.55 (m, 

2H, MesDAAm -CH2-), 3.05 (m, 2H, MesDAAm -CH2-), 2.94 ï 2.90 (m, 2H, MesDAAm -CH2-

), 2.71 (s, 3H, MesDAAm ïNCH3), 2.32 (s, 6H, MesDAAm ïCH3), 2.20 (s, 6H, MesDAAm ï

CH3), 1.99 (s, 6H, MesDAAm ïCH3). Residual starting material observed at 2.95, 2.18, 2.06, and 

1.97 ppm denoted by Å. 

 

Due to the decomposition of the carbonylation under ambient conditions, we attempted to 

trap the double carbonylation product 11Me by treatment with acetic acid as shown in Scheme 5.11. 

This approach takes advantage of the considerable contribution of the carbene resonance structure 

in metal acyls as was described in detail and used to synthesize the carbenes in Chapter 3.  
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Scheme 5.11 Proposed trapping of 11Me as carbene 12Me via reaction with a Brønsted acid. 

 

 

The resulting 1H NMR spectrum shown as the middle spectrum in Figure 5.15, was initially 

encouraging as it was a species not consistent with either the starting complex 9Me nor the Re 

acetate complex. However, upon workup the Re acetate complex was isolated. At this point it is 

unclear whether this species arise from reaction with excess acetic acid over time, or by an 

intramolecular mechanism. Follow up studies reacting 9Me with 13CO in acetic acid are planned to 

further compare this reaction to the analogous reaction of 9Bn which results in Re-CO. 

 

Figure 5.15 1H NMR spectra for the reaction of 9Me with CO in neat acetic acid-d4 at room 

temperature. The peak for the acid proton of protected acetic acid is observed at 11.6 ppm. 
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5.2.3   Reaction of 9Me with Isonitriles  

 

Due to the difficulty isolating any products resulting from the carbonylation of 9, we 

decided to pursue the analogous reaction with isonitriles as shown in Scheme 5.12. Isonitriles are 

isoelectronic to carbon monoxide, however the insertion reactions of isonitriles are generally much 

more thermodynamically favorable. As a result, we hypothesized that the isonitrile analogs of the 

insertion products 10 and 11 would be more easily isolated and lend support to the chemistry 

supported above by kinetic and spectroscopic data. 

 

Scheme 5.12 Proposed synthesis of isonitrile analogs of 10 and 11. 

 

 

Upon treatment with one equivalent of tert-butylisonitrile, 9Me undergoes clean conversion 

to 13Me as shown in Figure 5.16. Treatment with two equivalents does not result in the formation 

of 14Me. We believe this is due to the steric bulk of the isonitrile. Attempts to isolate 13Me directly 

were hindered by decomposition. Therefore we again decided to attempt to trap 13Me with the use 

of a Brønsted acid. As shown in Figure 5.17 this was successful and we were able to isolate and 

fully characterize the carbene 15Me in 67% yield as reported in Chapter 3.  
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Figure 5.16 Reaction of 9Me with various equivalents of tert-butylisonitrile. 

 

 
Figure 5.17 Synthesis of 15Me by reaction of 13Me with an in situ generated Brønsted acid. There 

is a diagnostic carbene peak observed in the 13C NMR at 240 ppm. 

 
























































