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Abstract 

Due to the significant decline in the availability of petrochemical resources and the increasing 

demand for the useful olefin mixtures extracted from oil, a sustainable and efficient alternative to these 

materials has become vital. Fortunately, renewable biomass derived materials may serve as a 

sustainable solution to the limited resources problem. Molecules derived from the degradation of 

biomasses are highly oxygenated and highly functionalized. Developing processes to efficiently 

defunctionalize these oxygen-rich materials will lead to potential up-conversion to carbon chemicals. 

Homogeneous catalytic deoxygenation processes present an opportunity to access valuable carbon 

commodity chemicals from biomass derived polyols.  

This dissertation details the design, development, and synthesis of d0 dioxo-W(VI) complexes 

bearing a bulky phenolate ligand which were active towards the dehydration and deoxydehydration of 

polyols. The selective homogeneous dehydration of 1-phenyl ethanol to styrene was performed at low 

catalytic loading with high yields. The dehydration of a variety of other alcohols was also successful 

including glucose. The dioxo-W(VI) complexes were shown to be competent catalysts for the 

deoxydehydration (DODH) of various diol substrates exemplifying the first reported tungsten catalyzed 

DODH. Multiple DODH reaction mechanisms were accessible with reduction of the W-O bond achieved 

by oxidative C-C bond cleavage and transfer hydrogenation. The reduction of dioxo-W(VI) complexes via 

oxygen atom abstraction by phosphites was also shown. 

Diimido-tungsten complexes with pincer ligands were synthesized, characterized, and found to 

react through heterometathesis with a variety of substituted aldehydes to form imines and tungsten 

dioxo complexes. A variety of group VI metal-oxo aryloxide complexes were also synthesized and 

characterized.  
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Chapter 1 

Introduction 

Petrochemical feedstocks have greatly influenced the processing and production of carbon 

commodity chemicals. Currently, as much as 13% of crude oil consumed is for the production of 

industrial chemicals which account for 50% of the profits gained from a barrel of oil.1 Fossil resources 

are used to manufacture nearly all of the vital building blocks used to make the carbon based chemicals 

which support the global chemical supply chain.2 However, due to the significant decline in the 

availability of petrochemical resources and the increasing demand for the useful olefin mixtures 

extracted from oil, a sustainable and efficient alternative to these supplies has become vital.  

Renewable biomasses have gained attention as a potential sustainable alternative to provide 

carbon platform chemicals. The US Department of Energy aims to replace 25% of carbon feedstocks with 

biomass-derived chemicals by 2025.3 In order to convert biomass into high value chemicals in a way that 

makes these renewable products competitive with those derived from petroleum sources, the resources 

must be readily available, reliable, and sustainable. Plant derived biomass is a plentiful resource with 

550-560 billion metric tons existing on earth.4 Biomass feedstocks used in chemical industry include 

agricultural, forestry and wood processing residues; municipal and wet wastes.5 Biomass is comprised of 

a wide variety of molecular weight raw materials such as the biopolymers cellulose, starch, and lignin, as 

well as sugars, amino acids and lipids.6 The majority of plant biomass exists as carbohydrates (75%) in 

the form which have been praised as the most abundant renewable feedstock for future economy 

decarbonization.7 Cellulose is the most abundant biopolymer on earth and is a polysaccharide of glucose 

monomers. Chemical processes such as hydrolysis may convert these polymers into their monomeric 

sugar units giving lower molecular weight starting materials for the synthesis of a variety of commodity 

chemicals such as methanol, ethanol, furfural and ethylene.8 Lignin is an abundant biopolymer present 
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in the second cell wall of plants and may be converted through depolymerization to form aromatics and 

phenols.9  

Other biomass derived materials useful in chemical synthesis include oils and proteins. The 

hydrolysis of triglycerides produces useful fatty acids, amino acids, and glycerol.10 Glycerol is another 

very useful carbon platform chemical traditionally isolated as a byproduct in the production of soaps, 

fatty acids, and microbial fermentation.11 Most notably, glycerol is a byproduct in the synthesis of 

biodiesel from vegetable oils via methanolysis where one mole of glycerol is produced for every three 

moles of methyl esters synthesized.12 Due to the increasing availability of glycerol as a byproduct, it 

may also find use as a potential building block in the chemical industry in the synthesis of high-use 

chemicals such as acrolein, propylene, acrylic acid and propanediols. 

Utilizing biomass to synthesize commodity chemicals allows for a wider variety of functionalized 

products than is possible using traditional hydrocarbon sources. For example, by replacing existing 

processes to develop chemicals derived from petroleum sources with those from biomasses, novel 

products with a variety of useful properties may be developed based on the larger assortment of 

functional groups in biomass components. While the diverse and highly functionalized molecular 

structure of biomass may lead to a wide variety of chemical building blocks, developing efficient 

processes specifically adapted to the transformation of these functionalized C-O bonds requires process 

intensification.13 By accelerating the utilization of lignocellulosic biomass as carbon feedstocks we may 

begin to meet the need of global energy transformation by promoting the shift to a more bio-based 

economy.   

Current chemical processes of biomass up-conversion include hydrogenolysis/dehydroxylation14 

which is involved in the transformation of glucose to sorbitol, metathesis to form renewable polymers,15 

and hydrogenation to form alkanes.16 Common organic transformations utilizing biomasses are also 
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widespread such as oxidation17 and dehydration.18 Currently, considerable attention has been given to 

the deoxydehydration (DODH) of polyols to form carbon-carbon unsaturated bonds (Figure 1.1). DODH 

utilizes a metal-oxo catalyst to convert vicinal diol functionalities into alkenes while also producing 

water and consuming/oxidizing a sacrificial reductant. DODH can be thought of as the reverse reaction 

of the dihydroxylation of alkenes by metal oxides such as OsO4.19 Alternatively, DODH can be viewed as 

an overall dehydration combined with a net oxygen-atom abstraction. Utilizing DODH allows for a single 

olefinic product to be obtained by combining dehydration and deoxygenation into a single catalytic cycle 

whereas dehydration of polyols typically produces complex reaction mixtures that may be difficult to 

separate. 

 

Figure 1.1: Generic mechanism for DODH 

Catalytic deoxydehydration is a newer field of exploration in organometallic chemistry. Since the 

first discovery of successful DODH by a rhenium catalyst by Cook and Andrews in 1996, interest in the 

subject has grown exponentially and researchers have begun searching for optimal conditions and 

efficient catalysts to transform polyols into olefins.20 Currently, many DODH catalysts utilize 

methyltrioxorhenium (MTO) or other rhenium analogs. The first reported DODH reaction utilized 

Cp*ReO3 as the catalyst and aryl phosphines as reductants to produce styrene from 1-phenyl-1,2-

ethanediol. The reduction of the trioxo-Re(VII) center was proposed to proceed through oxygen atom 

abstraction via the phosphine to form the reduced Re(V) complex. Currently, rhenium catalyzed DODH 

utilizing phosphine reductants has been shown on a wide variety of substrates.21 Other oxygen atom 

accepting reagents have been shown to be competent reductants in rhenium catalyzed DODH. McClain 

and Nicholas showed the elemental reductants zinc, carbon, iron and manganese could promote the 



4 
 

DODH of diols at up to 90% yield using ammonium perrhenate (APR) as the catalyst.22 Rhenium 

catalyzed DODH has also been driven by the oxidation of sulfites.23 One other mechanistic pathway for 

oxo-rhenium reduction in DODH reactions utilizes transfer hydrogenation from secondary alcohols to 

form ketones.24  

Although many simple rhenium-oxo complexes are highly efficient in the DODH of a large variety 

of polyols, the high cost and low natural abundance of rhenium has led groups to explore more 

economical metals such as vanadium and molybdenum for use in DODH catalysts.25 Both molybdenum 

and vanadium perform the DODH of diols via oxygen atom abstraction and transfer hydrogenation. Hills 

showed the first molybdenum catalyzed DODH using Acylpyrazolonate-dioxomolybdenum(VI) 

complexes and triphenylphosphine giving modest olefin yield.26 The commercially available ammonium 

heptamolybdate (AHM) was also shown to catalyze the modest conversion of diol substrate to alkenes 

(23%) using the oxo-accepting reagents PPH3 and Na2SO4.27 A variety of vanadium-oxo complexes have 

been proven to be competent DODH catalysts via oxygen atom abstraction as well. 

Tetrabutylammonium dioxovanadium(V)-dipicolinate was shown to convert 1-phenyl-1,2-ethanediol to 

styrene in 95% and 87% yield when utilizing PPH3 and Na2SO4 as the reductants.28  

Transfer hydrogenation catalyzed by molybdenum-oxo and vanadium-oxo complexes has also 

been shown. AMH is a competent DODH catalyst when using isopropyl as the reductant and may 

produce alkenes in up to 50% yield.29 Ammonium vanadate (NH4VO3) was used by Fristrup to catalyze 

the DODH of glycerol to allyl alcohol where glycerol was utilized as both the substrate and reductant.30 

Although initially Mo-oxo and V-oxo complexes showed lower reactivity towards DODH than Re-oxo 

complexes, the potential scalable industrial application of DODH for biomass up-conversion requires 

utilizing more abundant and inexpensive transition metal catalysts.  
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Tungsten is isoelectronic with both rhenium and molybdenum and retains many comparative 

chemical properties such as the propensity to undergo redox reactions utilizing the +IV/VI oxidation 

states. Tungsten and molybdenum complexes bearing the same ligand scaffold and oxidation states 

have been shown to have equivalent stereochemistry and almost identical bond lengths, however 

tungsten has been shown to be less readily reduced then molybdenum.31 The slower rate of reduction of 

W(VI) to W(IV) compared to its Mo analog is thought to be due to the strong BDE of W-O bonds.32 The 

overall strength of W=O bonds and tungsten’s higher propensity to be oxidized than Mo may promote 

the olefin extrusion step of the DODH reaction which has been shown to be rate limiting.33  

The objective of this reported work is to document the design, development, and synthesis of 

novel dioxo-tungsten(VI) and diimido-tungsten(VI) complexes and their activity towards a variety of 

chemical and catalytic transformations. Chapter 2 details the synthesis of a novel dioxo-tungsten(VI) 

complex supported by a dianionic pincer ligand and documents its ability to catalytically dehydrate 

alcohols and biomass-derived polyols. Chapter 3 documents the dioxo-tungsten catalyzed 

deoxydehydration of polyols. Chapter 4 documents the synthesis of novel diimido-tungsten(VI) 

complexes and their ability to promote stoichiometric metathesis reactions with aldehydes to produce 

imines. Chapter 5 catalogs the synthesis of a variety of group (VI) oxo complexes bearing aryloxide 

ligands.   
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Chapter 2 

 Dehydration of Alcohols and Biomass Derived Polyols to Olefins Catalyzed by a Dioxo-Tungsten 

Complex 

Molecules derived from the degradation of biomasses are highly oxygenated and highly 

functionalized. For example, sugars on average contain one oxygen atom per carbon atom. The 

development of efficient deoxygenation reactions is necessary to defunctionalize these oxygen-rich 

molecules for further up-conversion to useful commodity chemicals.1  

Many homogeneous transition metal complexes have been used to catalyze deoxygenation 

reactions of organic compounds, but group VI metals are of interest due to their ability to promote the 

catalytic deoxygenation of biologically important sulfoxides such as DMSO through a two-electron redox 

reaction where an oxygen atom is transferred between the enzyme and substrate2  Deoxygenation of 

sulfoxides into sulfides has also been shown by group (VI) complexes by mirroring the oxygen atom 

transfer (OAT) reactions of the metalloenzymes. The reactivity of these complexes towards OAT is 

assessed by their ability to oxidize a sacrificial reductant utilizing DMSO as an oxygen atom donor and 

electron acceptor. Typical reductants include phosphines and phosphites,3 boranes,4 and silanes.5 

Similar catalytic systems have been developed mimicking these biological interactions to successfully 

transfer oxygen atoms to and from molybdenum catalyst and substrate.6 Some tungsten containing 

oxidoreductase enzymes in archaea bacteria have also been shown to perform oxygen atom transfer 

reactions where a W(VI)/W(IV) redox reaction occurs to convert aldehydes to carboxylic acids.7  

Other group VI catalyzed deoxygenation reactions include the reduction of N-O bonds. The 

deoxygenation of multiple N-oxides was successfully performed by simple Mo complexes.8 The reductive 

cyclization of o-nitrobiphenyls and o-nitrostyrenes by MoO2Cl2(DMF)2 and PPH3 has also been shown to 

give a variety of functionalized carbazole and indole heterocyclic scaffolds.9  
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Deoxygenation of C-O bonds has been shown by group VI complexes in the form of de-

epoxidation, decarbonylation, decarboxylation, dehydrogenation, and dehydration. The deoxygenation 

of aliphatic and aromatic epoxides to alkenes catalyzed by dioxo-molybdenum complexes bearing 

acylpyrazolonate ligands has been shown in high yield.10 MoO2Cl2 may also promote the stereospecific 

deoxygenation of epoxides where the stereochemical outcome of the alkene is based on the structure of 

the phosphine reductant.11 Most group VI homogeneously catalyzed deoxygenation reactions in the 

literature primarily employ Mo catalysts, however, Sharpless showed WCl6 was able to convert epoxides 

to alkenes in the presence of n-Butyllithium.12  

Dehydration studies utilizing solid phase tungsten oxides have shown tungsten oxides to be 

efficient catalyst for the dehydration of alcohols. However, these reactions require high temperatures 

which often cause thermal decomposition of the active dioxo-W fragments within the clusters.13,14 In 

some cases there exists the formation of competitive dehydrogenation and condensation products.15 In 

most cases where catalytic dehydration was observed utilizing (WO3)n clusters, the results are attributed 

to the high Lewis acidity of tungsten oxos which may stabilize the negative charge buildup on the alkoxy 

oxygen in the transition state.16 The results of these heterogeneous studies leads us to believe that 

combining tungsten oxo compounds with homogeneous catalysis may allow for a more selective 

product mixture and allow for the reactions to be performed under much milder conditions.  

Dehydration of alcohols finds useful application in the up conversion of biomass derived 

sugars.17 Glucose is derived from the hydrolysis of the lignocellulosic biomass components cellulose and 

hemicellulose. The dehydration of the platform chemical glucose is useful in forming the commodity 

chemical 5-hydroxymethylfurfural (HMF).18 HMF is a highly functionalized and sought-after chemical and 

has applications in numerous chemical industries and may be up converted into useful biofuels.19,20 HMF 

is also a source of levulinic acid which was named by the US Department of Energy (DOE) as one of their 

top ten value added chemicals from biomass.21 HMF may also be converted into the highly studied 2,5-
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Furandicarboxylic acid (FDCA) which is used to produce the plastic precursor polyethylene furanoate 

(PEF) which is a suitable substitute for polyethylene terephthalate (PET).  

Current homogenous catalytic dehydration processes involving Bronsted acids are not 

industrially viable due to their propensity to corrode equipment and cause safety issues and the 

requirement of high temperatures or pressures to operate.22 Other processes using solid acids such as 

zeolites cause issues of catalyst deactivation due to blockage of the microporous structure of the 

catalyst and are often not selective towards a single product formation.23 Typical acid catalyzed 

dehydration reactions also have issues in chemo selectivity and regioselectivity.  

One particularly useful dehydration reaction is the dehydration of 1-phenylethanol to styrene. 

Styrene is a useful industrial chemical used in the formation of polymers, plastics, rubbers, resins and 

unsaturated polyesters.24 Styrene is typically commercially produced through the catalytic 

dehydrogenation of ethylbenzene.25 Another industrial route to styrene monomer involves the 

epoxidation of propylene by ethylbenzene hydroperoxide to form 1-phenylethanol which may be 

dehydrated to form styrene.26 There are few accounts of homogeneous transition metal catalyzed 

dehydration of 1-phenylethanol to styrene without the aid of a Bronsted acid. Current methods require 

expensive rhenium catalysts27 or employ zeolites which lack chemoselectivity.28 Typically, high rates of 

oligomerization to form α-methylbenzyl ethers, dimerization of styrene to form styrene dimer or 

polymerization of styrene occur (Figure 2.1).      



12 
 

 

Figure 2.1: Side product formation in the dehydration of 1-phenylethanol  

Dehydrative cross coupling is known to occur in systems involving dehydroxylation reactions 

with benzyl alcohols to form the corresponding alkenes.29 Dehydrative C-H alkylation of alkenes with 

alcohols catalyzed by transition metal complexes has been explored as a potentially useful green 

synthetic pathway to create C-C bonds. Styrene in particular has been shown to actively react with 

alcohols to form trans-alkylation products using a cationic ruthenium hydride complex 

[(C6H6)(PCy3)(CO)RuH]+BF4
– ].30 Therefore, the high reactivity of the vinyl group in styrene is known to 

cause dimerization during catalysis. The tungsten heteropolyacid H6P2W18O62 performed the heterolytic 

cleavage of aryl alcohols to produce asymmetric ethers while also catalyzing the dehydration of 1-

pheylethanol to styrene but in trace yields.31  

Gebbink and coworkers reported molybdenum catalyzed dehydration of alcohols to alkenes 

using a series of MoO2(acac’)2 complexes.32 They catalyzed the dehydration of 1-phenylethanol to 

styrene but at low yields and with significant oligomerization side product formation. Fernandes used a 

variety of dioxo-molybdenum complexes to catalyze reductive deoxygenation reactions of aryl ketones 

to aryl alkenes using silanes as reductants.33 They found that 10 mol % MoO2Cl2(H2O2) could catalyze the 

reduction of 1-phenylethanol to styrene at 88% yield without the aid of an external reductant. 

MoO2(acac)2 has also been shown to be a competent catalyst in dehydrative C-O bond forming reactions 
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where formation of the oligomer product is preferred.34 However, in these cases dehydration products 

are also formed.  

These studies show the ability for group (VI) dioxo complexes to homogeneously dehydrate 

alcohols. It was the goal of this work to selectively dehydrate 1-phenylethanol to styrene utilizing a 

dioxo-tungsten (VI) catalyst without significant oligomerization or dimerization by product formation. 

The current state of the art homogeneous method to dehydrate 1-phenylethanol utilizes iron but is 

slower, less selective, and lower yielding than the system described here.35  

Catalyst design and synthesis  

High oxidation state, d0, transition metal complexes bearing large, chelating aryloxide ligands 

are of interest in promoting multiple oxygen atom transfer reactions.36 However, tungsten dioxo 

complexes bearing large pincer ligands are not widely studied. Previous work has shown the successful 

coordination of a large ONO phenolate pincer ligand to a Mo(VI)-dioxo center to give a trigonal 

bipyramidal complex bearing a cis-dioxo moiety at the metal center.37 The steric bulk of the ligand 

scaffold is shown to prevent complex dimerization which could lead to catalyst death.38 By employing 

the tungsten analog of the MoO2(acac)2 starting material, the W(VI)-dioxo phenolate complex 1 was 

successfully isolated in good yield by refluxing equimolar 2,6-bis-(3,4-ditertbutyl-2-phenol)pyridine with 

WO2(acac)2  in toluene (Figure 2.2). The six coordinate adduct with the coordinating base 

hexamethylphosphoramide (HMPA) was also synthesized by heating 1 with HMPA in DCM (Figure 2.2). 
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Figure 2.2: Synthesis of novel dioxo-W(VI) complexes 1 and 2 

 

Dehydration of 1-phenylethanol to styrene 

The dehydration of 1-phenylethanol by 1 was tracked by 1H NMR. Reactions were prepared 

under inert atmosphere using dry solvent. Alcohol was added to a 1 mol % solution of 1 in toluene in a 

Schlenk tube. The reaction was refluxed at 120°C and conversion was monitored by 1H NMR using the 

internal standard naphthalene. 

 

Figure 2.3: Dehydration of 1-phenylethanol by 1 to styrene and ether byproducts. 

The dehydration of 1-phenylethanol by 1 yields the reversibly formed ether byproducts the 

racemic isomer B, and the meso isomer B’ (Figure 2.3) which are characterized by 1H NMR (Figure 2.10). 

As the reaction progresses, ether is consumed through dehydrative cleavage to form styrene. (Figure 
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2.12). Complete (>99%) consumption of 1-phenylethanol is quantified after 180 minutes with the 

formation of 83% styrene and 16% ether. Continued reflux for 19 hours yields 93% styrene and 6% ether 

indicative of the consumption of the ether byproducts to enable the production of more styrene. No 

activation to from the polymerization product polystyrene was observed, and no dimerization products 

were observed.  

Complex 1 dehydrates 1-phenyl ethanol to styrene at very low catalytic concentrations. Table 

2.1 shows almost complete conversion utilizing both 0.5 and 0.25 mol % catalyst after four and 20 hours 

respectively. The ratio of concentration of styrene to ether is nearly equivalent in both cases with each 

showing low selectivity towards styrene. Increasing the catalytic concentration to 1 mol % increases the 

selectivity of the reaction to favor formation of styrene and slightly decreases the reaction time to reach 

complete conversion of 1-phenylethanol after three hours. Therefore, the optimal catalytic loading 

chosen for the following experiments was 1 mol %. 

Table 2.1: Catalytic activity of 1 at varying catalytic loading 

Mol  % 

1 

mM OH Time 

(hour) 

% Conversion 

OH 

Yield 

styrene 

Yield 

B,B’ 

1 83 3 <99 83% 16% 

0.5 83 4 99 57% 42% 

0.25 83 20 97 56% 41% 

0.1 330 24 33 7% 26% 
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Kinetic studies and mechanistic investigation 

The rate of formation of styrene was shown to depend on the concentration of both                   

1-phenylethanol and ethers B,B’. In order to test the reversibility of oligomer by-product formation, a 

mixture of both enantiomers of the phenyl ether was synthesized and a control reaction of ether 

refluxing alone with catalyst was performed and did not yield styrene. However, when catalytic amounts 

of 1-phenylethanol were added, exogenous ether was consumed after consumption of the alcohol. 

Refluxing the phenyl ether alone in the presence of water does not cause cleavage to form alcohol, and 

the addition of water to a refluxing solution of ether and catalyst also does not cause cleavage to form 

alcohol. This suggests both the alcohol and catalyst are required to promote the equilibrium cleavage 

reaction and that the ether intermediates are reversibly formed byproducts. We propose the oxo-

tungsten aquo alkoxy intermediate A (Figure 2.4) is required to form in solution to allow for the addition 

of the phenyl ether to the metal center through cleavage by gamma elimination to form styrene, water 

and the oxo-tungsten bis-alkoxy intermediate B which may then undergo gamma elimination to produce 

styrene and regenerate the oxo-tungsten aquo alkoxy species A (Figure 2.4).  

As a way to further elucidate reaction mechanism, the deuterated alcohol at the methyl position 

1-phenylethanol-D3 was synthesized, and the dehydration reaction was performed under the same 

conditions as used previously. The rate of styrene production was significantly hindered suggesting the 

methyl protons are involved in the rate determining step of olefin formation (Figure 2.14). The rate of 

formation of the ether intermediates was not affected by the methyl deuteration which supports the 

reaction mechanism of ether formation through dehydrative etherification with 1-phenyl ethanol. The 

rate of consumption of substrate was also hindered because 1st order decay requires a constant 

concentration of 1 which is limited due to the slow step of gamma elimination to convert A to 1. 
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Figure 2.4: Proposed mechanism for the dehydration of 1-phenylethanol to styrene, the dehydrative 
etherification to form oligomerization byproducts, and the consumption of ether intermediates to 
produce more styrene. 

The alcohol deuterated at the OH position, 1-phenylethanol-OD, was also synthesized to 

observe the rate of formation of the tungsten-oxo hydroxy alkoxy intermediate A. The reaction rate was 

significantly slowed with no reaction occurring until refluxing four hours with only trace amounts of 

product forming until nine hours where the maximum yield attained was 12% styrene (Figure 2.15). This 
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evidence supports the proposed step of alcohol insertion by sigma bond metathesis via hydrogen 

transfer to give A. 

The reaction mechanism was probed further by utilizing in-situ react IR studies. The data 

obtained for styrene production of absorbance over time were fitted with a biexponential integrated 

rate law where the rate constant k1>k2
 (Figure 2.16). This implies that styrene does not immediately 

form but relies on the formation of the intermediate A (k1). The formation of styrene is dependent on an 

induction period where the concentration of intermediate A increases and will form when the 

concentration of A reaches a maximum and gamma elimination to form styrene may occur (k2).  

Comparison to acid catalyzed dehydration methods. 

The tungsten system was then compared to that of tosic acid. In the presence of p-

Toluenesulfonic acid (TsOH) a carbocation intermediate is generated from the benzylic alcohol followed 

by electrophilic addition of styrene to form a new carbocation intermediate that would undergo 

deprotonation to give the styrene dimer.39 Extensive mechanistic studies were performed by Boldl and 

Fleischer to determine the reactive pathways to dimer formation in the Bronsted acid catalyzed 

dehydration of 1-phenylethanol.40 While using 16 mol % p-Toluenesulfonic acid with 2 mol % triphenyl 

phosphine, they found the dehydration of 1-phenylethanol reached maximum conversion to 84% 

styrene after 20 minutes. The oligerimization ether product was also formed but completely consumed 

after 30 minutes. The styrene dimer continued to be form as the reaction was heated for four hours to 

reach a maximum yield of 80%. The product styrene was converted completely into the dimer and 

polymerized side products until all was consumed after about 8 hours. 

 We performed a kinetic analysis of the dehydration of 1-phenylethanol without the external 

phosphine to compare the rate of acid catalyzed dehydration to our system which reaches complete 

conversion of 1-phenylethanol after 180 minutes with 1 mol % 1. Using 10 mol % TsOH with 32 mM 1-
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phenylethanol in 0.6 mL CD2Cl2, polystyrene formation begins after refluxing at 90°C for 120 minutes 

with 96% conversion of 1-phenylethanol, 59% yield styrene and 37% ether byproducts (Table 2.2). 

Complete conversion of 1-phenylethanol is reached after refluxing for 2.5 hours. The ether 

oligomerization products are reversibly consumed over time; however, styrene dimer is formed after 3 

hours, and continued reflux causes increased formation of polystyrene (Figure 2.17). Table 2.2 shows a 

comparison of the reaction data at 120 minutes for the dehydration of 1-phenylethanol using both TsOH 

and 1. While the conversion using both catalysts is 96%, styrene yield is higher and ether formation is 

lower in the case of 1. 1 also has a significantly higher turnover number than TsOH.   

Table 2.2: Comparison of the dehydration of 1-phenylethanol catalyzed by 1 and TsOH 

Complex 1 (TsOH) 

Mol % 1% (10%) 

Conversion 96% (96%) 

Styrene yield 78% (59%) 

B,B’ yield 14% (37%) 

TON 75 (9) 

 

Complex 1 was utilized to dehydrate a variety of structurally unique alcohols to give 

functionalized alkenes (Table 2.3). At 1 mol % catalyst loading we see moderate to good yields for both 

sterically hindered and cyclic alcohols (Table 2.3 entries 1-3). Interestingly, the deactivated (R)-1-[3,5-

Bis(trifluoromethyl)phenyl]ethanol (Table 2.3 entry 5) was not active towards dehydration even after 

refluxing for 48 hours. The cyclic alcohol 2-tert-butylcyclohexanol gives the single dehydration product 

1-tert-butylcyclohexene with no formation of the product 3-tert-butylcyclohexene as is evidenced by 1H 

NMR. A single triplet exists in the alkene region corresponding to the single alkene proton of             

1-tert-butylcyclohexene whereas the spitting pattern for 3-tert-butylcyclohexene would show a doublet 

of doublets and a doublet of triplets corresponding to two alkene protons (Figure 2.22). 
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Table 2.3: Substrate scope for the dehydration of alcohols using 1 mol % of 1 in refluxing toluene. * 
denotes reaction was performed in isopropanol to increase substrate solubility. Yields were determined 
using 1H NMR in the presence of an internal standard. Product quantification was confirmed by GC/MS. 

 

 

The dehydration of glucose to HMF occurs through a multiple step dehydration reaction (Figure 

2.5).18 At elevated temperatures, the dehydration of glucose is known to produce humin polymerization 

byproducts which are insoluble in isopropanol and cause reduced product yield and selectivity.41 A 

solution of 1 mol % of 1 in isopropanol with glucose was refluxed at 90°C overnight. The resulting 

burgundy solution contained a dark, oily precipitate presumed to be from humin polymerization. 1H 

NMR of the reaction mixture shows production of HMF at trace, 5% yield. HMF yield is increased to 13% 

by changing the reaction solvent to toluene and adding superstoichiometric amounts of isopropanol. 

Entry Substrate Catalyst 

mol % 

Time 

(hours) 

Yield  % 

conversion 

1 

 

1% 3 41% 46% 

2 

 

1% 48 60% 70% 

3 

 

2% 48 39% 50% 

4* 

 

1% 48 12% 99% 

5 

 

1% 48 0% 0% 
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(Figure 2.19). In both cases complete conversion of glucose is indicated by NMR. Because the majority of 

products formed become polymerized into humin by products, attempts were made to decrease their 

production by performing the reaction at ambient temperature. Attempts to hinder polymerization by 

decreasing reaction temperature were unsuccessful as the dehydration of glucose to HMF is only 

observed at elevated temperatures where polymerization is competitive. 

 

Figure 2.5: Dehydration of glucose to form 5-hydroxymethylfurfural (HMF)  

Conclusion.  

In conclusion, novel, d0 dioxo-W(VI) complexes bearing a bulky phenolate ligand 1 and 2 were 

synthesized and characterized. Both were active towards the selective homogeneous dehydration of 1-

phenylethanol to styrene at low catalytic loading with high yield. At 120°C in toluene, the reaction 

reaches complete conversion after only three hours with 93% styrene being produced after 24 hours. 

This system has been proven to have higher catalytic activity and produce less byproducts than the acid 

catalyzed dehydration of 1-phenylethanol using p-toluenesulfonic acid. Complex 1 also successfully 

dehydrated a variety of alcohols including glucose.  
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Experimental Procedure 

Reagents were obtained from commercial sources and used without further purification. 

Solvents were dried over 3Å molecular sieves. All reactions were performed under inert atmosphere 

using standard Schlenk or glovebox techniques unless otherwise noted. The ligand was prepared 

according to the literature.36,42 WO2(acac)2 was synthesized according to literature procedure.43 1H NMR 

was referenced to solvent residual signals (chloroform-d δ = 7.26 methylenechloride-d2, δ = 5.32). 

Reaction yields were determined by use of the internal standard naphthalene δ = 3.32 (s, 9H, OCH3) δ = 

6.13 (s, 3H, aryl H)). Elemental analysis was performed by the CENTC Elemental Analysis Facility at the 

University of Rochester, Rochester, NY 14627 USA. All solvents were obtained from a dry solvent still 

and stored over molecular sieves prior to use. All reactions were prepared under inert nitrogen 

atmosphere in sealed pressure vessels unless otherwise noted.  

General procedure for dehydration reactions: 

A 5 mL stock solution containing 165 mM 1-phenylethanol and 78 mM naphthalene standard 

was prepared by dissolving 100 uL alcohol and 50 mg naphthalene in 5 mL Tol-D8. A 1.78 mM stock 

solution of the catalyst was prepared by dissolving 6.5 mg catalyst in 5 mL Tol-D8. To prepare the 

samples for 1H NMR analysis, 0.25 mL of each stock solution was added to a J-young pressure NMR tube 

to give a 0.5 mL solution containing 83 mM 1-phenylethanol and 0.9 mM catalyst 1 with a catalytic 

loading of 1 mol%. The tubes were heated at 120°C for the time intervals indicated by Table 2.4 then 

placed in an ice bath before analysis by 1H NMR. A delay time of 60 seconds was used when analyzing 

samples made under inert atmosphere.   

General procedure for react IR experiments: 

A solution of 6 mM (1%) of 1 in tetrachloroethylene (TCE) was prepared in the glovebox in a 

round bottom sealed with a septa. A solution of 650 mM 1-phenylethanol substrate in TCE was prepared 
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in the glovebox in a round bottom sealed with a septa. A three-necked round bottom flask was charged 

with TCE and sealed. A background of the solvent heated to 120°C was used as the background 

spectrum for the reactions. The solution of 1-phenylethanol was added via syringe and a test spectrum 

was collected to ensure detection. The solution of 1 in TCE was then added via syringe and the reaction 

was monitored by IR every two minutes for four hours. 

 

Synthesis of WO2[2,2'-(2,6-Pyridinediyl)bis[4,6-bis(1,1-dimethylethyl)phenol] (WO2[ONO(tBu)]) 1 

296.2mg (1mmol) WO2[Bis(acetylacetonoate)] and 368.8mg (1mmol) 2,2'-(2,6-

Pyridinediyl)bis[4,6-bis(1,1-dimethylethyl)phenol [ONO(tBu)] were refluxed in 6 mL toluene in a Schlenk 

tube overnight. The bright orange precipitate was collected by filtration. 382.0 mg 76%. 1H NMR C6D6 

δ7.67 doublet phenyl 2H, δ7.44 doublet phenyl 2H, δ7.21 doublet py 2H, δ6.81 triplet py 1H, δ1.62 

singlet t-Bu 9H, δ1.42 singlet t-Bu 9H. 13C CD2Cl2 δ157.68, δ155.03, δ145.03, δ140.27, δ138.79, δ128.32, 

δ125.71, δ123.14, δ121.97, δ35.241, δ34.823, δ31.787, δ30.075. Anal. Calcd for C33H43NO4W: C, 56.50%, 

N, 2.000%, H, 6.180%.  Found: C, 56.401%, N, 1.906%, H, 5.905%. 

 

Synthesis of WO2([2,2'-(2,6-Pyridinediyl)bis[4,6-bis(1,1-

dimethylethyl)phenol])(hexamethylphosphoramide) (WO2[ONO(tBu)](HMPA)) 2 

252.4mg (1mmol) WO2[ONO(tBu)] and 0.06mL hexamethylphosphoramide (HMPA) in 8mL 

dichloromethane were added to a Schlenk flask and refluxed at 80°C for two hours. The bright 

red/orange solution became clear when the reaction was complete. The solution was triturated with 

10mL pentane and a white solid precipitated out. The solid was collected and rinsed with pentane and 

dried to give the product (WO2[ONO(tBu)](HMPA)) 257.9mg, 81%. 1H NMR CD2Cl2 δ7.99 t 1H py, δ7.92 d 
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2H py, δ7.65 d 2H ph, δ7.49 d 2H ph, δ2.16 d 18H HMPA, δ1.50 s 9H tBu, δ1.39 s 9H tBu. 13C NMR CD2Cl2 

δ159.99 s, δ155.26 s, δ141.72 s, δ138.95 s, δ138.74 s, δ126.98 s, δ126.29 s, δ124.27 s, δ123.65 s, 

δ36.681 d, δ35.616 s, δ34.769 s, δ31.860 s, δ29.999 s.  

 

Synthesis of deuterated acetophenone-D3.44 

2 mL (1 mol) acetophenone and 2 g (5 mol) NaOH in 10 mL D2O heated closed at 50°C for 48 

hours. The solution was neutralized with concentrated acetic acid, extracted with chloroform and dried 

to give a yellow oil. 1.1 g, 52%. 

 

Synthesis of deuterated 1-phenylethanol-D3.
45 

1.1 g (1 mol) acetophenone-D3 dried in toluene over P2O5 then distilled to remove toluene and 

water to leave a yellow oil which was dried and brought under inert atmosphere. In a round bottom 

affixed with a condensing column and addition funnel, the oil was dissolved in 20 mL diethyl ether. 3.5 

mol LiAlH4 in 40 mL ether was added to the addition funnel. In ambient atmosphere, the solution was 

heated at 50°C and the LiAlH4 solution was added slowly. Heating continued for 20 minutes after 

complete addition of the LiAlH4 solution. The flask was then chilled in an ice bath and the solution 

quenched with 20 mL H2O, 20 mL 15% NaOH and 20 more mL H2O. The solution was extracted with 

diethyl ether, dried over Mg2SO4, filtered and dried to give the partially deuterated 1-phenylethanol. 
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Appendix 

I. NMR characterization 

 

Figure 2.6: Catalyst 1 (1H, 400 MHz, CD2Cl2) 
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Figure 2.7: Catalyst 1 (13C, 400 MHz, CD2Cl2) 
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Figure 2.8: Catalyst 2 (1H, 400 MHz, CD2Cl2) 
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Figure 2.9: Catalyst 2 (13C, 400 MHz, CDCl3) 
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Figure 2.10: Mixture of ether isomers B,B’ (1H, 400 MHz, CD2Cl2) 
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III. Reaction progress by NMR  

 

Figure 2.11: 1H NMR spectra of a 72 mM solution of 1-phenylethanol in C6D6 with 1% 1 heated 90°C 80 
minutes.    Denotes styrene,     denotes 1-phenyl ethanol,     denotes ether intermediates  
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Figure 2.12: Product formation and consumption tracked by 1H NMR of a 72 mM solution of 1-
phenylethanol in Tol-d8 with 1% 1. Conversion to styrene continues after complete consumption of 
starting material due to decomposition of ether intermediates. 
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Figure 2.13: Determination of yields for catalytic reactions 

𝑖𝑛𝑡𝑒𝑔𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑝𝑟𝑜𝑑𝑢𝑐𝑡 𝑝𝑒𝑎𝑘

𝑖𝑛𝑡𝑒𝑔𝑟𝑡𝑎𝑖𝑜𝑛 𝑜𝑓 𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 
∗

𝑝𝑟𝑜𝑡𝑜𝑛𝑠 𝑐𝑜𝑟𝑟𝑒𝑠𝑝𝑜𝑛𝑑𝑖𝑛𝑔 𝑡𝑜 𝑠𝑡𝑑

𝑝𝑟𝑜𝑡𝑜𝑛𝑠 𝑐𝑜𝑟𝑟𝑒𝑠𝑝𝑜𝑛𝑑𝑖𝑛𝑔 𝑡𝑜 𝑝𝑟𝑜𝑑𝑢𝑐𝑡
∗ 𝑚𝑚𝑜𝑙 𝑠𝑡𝑑 𝑖𝑛 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛

= 𝑚𝑚𝑜𝑙 𝑝𝑟𝑜𝑑𝑢𝑐𝑡 

From a sample calculation of styrene yield: 

 Integration  Protons mmol 

Naphthalene 1 4 0.0195 

Styrene  0.1641 1 0.0128 
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Table 2.4: Concentration and yield data of a 72 mM solution of 1-phenylethanol in Tol-d8 with 1% 1 
heated to 120°C. Yields are calculated according to the equation in Figure 2.13. 

Time (min) [styrene] 

mmol 

[OH] 

mmol 

[ether] 

mmol 

styrene % OH % Ether % 

0 0 0.04177 0 0 100 0 

5 2.81E-4 0.04177 2.85E-4 0.6795 100 0.68894 

10 7.57E-4 0.03921 8.86E-4 1.83087 95.04219 2.14231 

15 0.00164 0.03511 0.00195 3.96375 87.1308 4.71875 

20 0.00321 0.03239 0.00345 7.75762 81.87161 8.35218 

25 0.00399 0.02777 0.00446 9.664 72.95057 10.7965 

30 0.00719 0.02126 0.00629 17.38387 60.36769 15.22268 

40 0.00901 0.01623 0.00925 21.80062 50.66305 22.36687 

50 0.0128 0.00859 0.00969 30.97386 35.91019 23.45218 

60 0.01411 0.0049 0.01024 34.12599 28.7824 24.78287 

70 0.0155 0.00188 0.00746 37.48574 22.95057 18.05393 

110 0.0319 0 0.00569 77.17985 2.99879 13.24081 

170 0.03422 0 0.00495 82.78572 1.34117 9.85275 

1200 0.03825 0 0.0027 92.54409 0.90416 6.92712 
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Figure 2.14: Mechanistic investigation utilizing a 83 mM solution of deuterated 1-phenylethanol-D3 with 
1 mol % 1 in Tol-d8 tracked by 1H NMR. 
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Figure 2.15: Mechanistic investigation utilizing a 83 mM solution of deuterated 1-phenylethanol-OD 
with 1 mol % 1 in Tol-d8 tracked by 1H NMR. 
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IV. React IR studies 

 

Figure 2.16 Styrene production over time tracked by IR spectroscopy and fitted with a biexponential 
integrated rate law. 
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V. Acid comparison 

 

Figure 2.17: 1H NMR spectra of a 83 mM solution of 1-phenylethanol in CD2Cl2 with 10% TsOH heated 
90°C 180 minutes.     indicates styrene dimer formation.  
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Figure 2.18: 83 mM solution of 1-phenylethanol in CD2Cl2 with 10% TsOH heated 90°C over time 
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VI. Expanded Reaction Scope 

 

Figure 2.19: 1H NMR of a 132 mM solution of glucose in 4 mL isopropanol with 2 mol % catalyst refluxed 
16 hours. 0.2 mL burgundy solution in CDCl3 shows humin and HMF formation.  
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Figure 2.20: 1H NMR of an 84 mM solution of 2-Methyl-1-phenylpropan-2-ol in 5 mL toluene with 1% 1 
refluxed 120°C 3 hours.       denotes 2-Methyl-1-phenylpropan-2-ol. 



41 
 

 

Figure 2.21: 1H NMR of a 63 mM solution of cyclooctanol in C6D6 with 1% 1 refluxed 90°C for 48 hours.     
--- Denotes cyclooctanol. 
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Figure 2.22: 1H NMR of a 46 mM solution of 2-Tert-butylcyclohexanol in C6D6 with 2% 1 refluxed 90°C for 
48 hours.      denotes 2-Tert-butylcyclohexanol. 
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VII. GC/MS data 

 

Figure 2.23: Chromatogram of a completed reaction of 1-phenyethanol to styrene by 1. The peak at 3.4 
minutes is the M/S peak 106 which corresponds to styrene. The peak at 6.148 minutes is the internal 
standard naphthalene. 
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Figure 2.24: Chromatogram of the completed dehydration reaction of 2-Methyl-1-phenylpropan-2-ol 
with 1. The peak at 5.192 minutes is the M/S peak 133 which corresponds to alkene. The peak at 6.148 
minutes is the internal standard naphthalene. 
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Figure 2.25: Chromatogram of the completed dehydration reaction of tertbutyl cyclohexanol with 1. The 
peak at 4.380 minutes is the M/S peak 137 which corresponds to alkene. The peak at 6.148 minutes is 
the internal standard naphthalene. 
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Figure 2.26: Chromatogram of the completed dehydration reaction of glucose with 1. The peak at 6.348 
minutes is the M/S peak 127 which corresponds to HMF. The peak at 4.5 minutes is the M/S peak 68 
which corresponds to furan. The peak at 6. Minutes is the internal standard naphthalene 
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VIII. X ray crystallography data 

 

Figure 2.27: Crystal structure of 1 as a bridging dimer.  
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Table 2.5. Crystal data and structure refinement for 1 

Empirical formula C66 H86 O8 W2, 4(C H2 Cl2)  

Formula weight 1742.80  

Space group P 21/c  

Unit cell dimensions a = 16.0576 (2) Ås  

 b = 12.7585 (1) Å = 90° 

 c = 18.3515 (2) Å = 102.992 (1)° 

Volume 3663.45 (7) = 90° 

Z, Z' 2, 2  

Density (calculated)  1.580 g/cm3  

Mr 1742.75  

Temperature 293 K  

F(000) 1752.0  

Absorption coefficient  8.825 mm-1  

F000’ 1739.4  

h, k, lmax 19, 15, 22  

Nref 7016  

Tmin, Tmax 0.136, 0.849  

Tmin’  0.008  

Data completeness 0.982  

wR(F2 all data)  wR2 = 0.1276 (7016)  

R(Freflections) 0.0471 (6216)  

s 1.030  

Npar 418  
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Chapter 3  

Tungsten Catalyzed Deoxydehydration of Polyols 

Biomass-derived substrates may be a successful route to more renewable chemical and fuel 

supply chains. The high oxygen content of biomass, which typically exists in the form of hydroxyl groups, 

creates a significant hurtle when developing chemical processes for their up-conversion into industrially 

important carbon commodity chemicals due to the limited available pathways to cleave C-O bonds. 

Catalytic deoxydehydration (DODH) is of interest in the application of biomass up-conversion as it may 

reduce the oxygen content of biomass through selective deoxygenation to form valuable olefin chemical 

intermediates.  

The differing mechanistic pathways for DODH are shown in Figure 3.1. DODH may begin with 

condensation of a diol with a metal-oxo bond to produce water. The metal-oxo diolate is reduced by a 

sacrificial reductant to give the metal diolate and the oxidized reductant. Olefin extrusion is the final 

step which regenerates the metal dioxo catalyst and produces alkene. In an alternative mechanistic 

route, reduction may proceed condensation leading to formation of a reduced metal-oxo center. 

Condensation of the diol forms a metal diolate which then undergoes olefin extrusion to regenerate the 

catalyst. The final pathway by which DODH may occur removes the need for a sacrificial reductant 

thereby improving the overall reaction economy: condensation of the diol onto the metal-dioxo center 

forms the metal-oxo diolate which then undergoes oxidative cleavage which cleaves the C–C diolate 

bond to yield two equivalents of aldehyde or ketone and a reduced metal center. When a diol is used as 

both the substrate and reductant in DODH reactions, alkenes can be afforded in a maximum yield of 

50% because one equivalent of the substrate is consumed to perform the reduction of the metal center.  
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Figure 3.1: Competitive mechanisms of DODH 

The goal of this work was to perform the DODH of polyols by a tungsten dioxo complex utilizing 

any of the potential catalytic pathways. The first reports of DODH in the literature exploited oxygen-

atom abstraction reagents to reduce the metal center, and DODH via oxo-abstraction has been shown to 

have good catalytic performance. Therefore, reduction via oxygen atom abstraction was the pathway 

considered first, followed by reduction via transfer hydrogenation reagents, and finally DODH via 

oxidative cleavage.  

Reduction via oxygen atom abstraction 

The first oxygen atom transfer reactions using an oxo-abstracting agent and a rhenium (III) 

system were observed by Conry and Meyer in 1990.1 They utilized the phosphine reductant 

triphenylphosphine (PPH3) and proved loss of the oxidized phosphite, OPPh3, is the rate determining 

step in the coordination/oxygen atom abstraction reaction. They also showed an open coordination site 

is required for the oxygen atom transfer from Re to phosphine. Phosphines are an ideal choice for a 

reductant when using metal oxo catalysts because phosphines and phosphites make very strong bonds 
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to oxygen.2 This oxophilicity is what promotes oxo-abstraction from metal dioxo complexes during 

catalytic deoxygenation reactions such as DODH.  

The first reports of DODH utilized phosphines as reductants. Oxo-abstraction of Mo-oxo species 

by phosphines has been shown to proceed by first the rate limiting nucleophilic attack of the phosphine 

to the Mo (VI) center followed by dissociation of the oxidized species to form the reduced Mo (V) 

center.3 The rate limiting disassociation step is influenced by the steric environment of the phosphine 

and has a linear correlation to phosphine cone angle. A general scheme for reactivity of phosphines with 

molybdenum dioxo thiolate complexes was shown to increase with increasing nucleophilicity.4  

So far, there have been no reported oxygen atom transfer reactions of tungsten-oxo complexes 

using oxo-abstracting agents. Arguments can be made that the oxophilicity of tungsten versus other, 

more easily reduced group (VI) transition metals such as molybdenum may be the cause of this lack of 

reactivity. The kinetics of oxygen atom transfer reactions of molybdenum dioxo thiolate complexes 

versus tungsten dioxo thiolate complexes has been studied and showed MoO2[(mnt)2]2- to react much 

more rapidly with phosphines than WO2[(mnt)2]2-.5 These studied proved the rate of OAT and other 

reduction reactions of M-O bonds to be 102-103 times faster than their tungsten analogs at room 

temperature while the reverse was shown for oxidation reactions. The reasoning is thought to be due to 

the reducibility of tungsten oxo centers and the overall strength of the W=O bond.  

Although oxo-abstraction of tungsten complexes is not known, reduction of tungsten oxides into 

tungsten powder is a known area of study and utilizes reductants such as hydrogen6, carbon7, methane8 

and ethanol.9 However, these all occur using solid phase tungsten oxides and are carried out under 

extreme temperatures. One homogeneous attempt to abstract an oxo group from WOCl4 using 

triphenylphosphine yielded coordinated phosphine to the W-O center but no free, oxidized phosphine 

or corresponding reduced metal center.10 This leads to the conclusion that the strength of the W=O 
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bonds makes disassociation of oxidized phosphite rather than nucleophilic attack the metal center the 

rate limiting step when working with tungsten complexes.  

 

Figure 3.2: Reduction via oxygen atom abstraction of a dioxo-tungsten neophyl precatalyst 

As a preliminary test to determine an optimal reductant for a tungsten dioxo complex, the dioxo 

tungsten neophyll pre-catalyst shown in Figure 3.2 was tested for its ability to be reduced via oxygen 

atom abstraction by a variety of oxo-acceptors. Reduction was tracked via 1H NMR by observing 

significant chemical shifts of the ligand t-butyl protons as the oxidation state and geometry of the metal 

center changes during the reduction reaction. In the case of phosphine reductants, 31P NMR was used to 

track reduction by appearance of new peaks corresponding to oxidized phosphine. Triphenylphosphine 

(PPh3) was tested as a reductant by a solution of 1 mol dioxo-W(VI) complex and 10 mol PPh3 in the 

following solvents: benzene, toluene, chlorobenzene and benzonitrile. After refluxing 16 hours, no 

reduction was observed by 1H or 31P NMR. Elemental Zn, C, Mg and Na2SO3 were then tested as 

reductants under the same reaction conditions with no conversion to a W(IV) species by 1H NMR. 

Phosphite reductants were then tested as they are known to be a stronger reducing agent than 

phosphines due to their stronger basicity and oxophilicity. Triphenylphosphite was tested, and oxo-

abstraction was successful in all solvents evident by a new peak in 31P NMR at -17 ppm corresponding to 

the newly oxidized phosphite and the formation of a P=O bond indicating oxygen atom abstraction. 

Distinct chemical shifting of 105 Hz of the ligand t-butyl protons by 1H NMR showed the reduction of the 

dioxo-W(VI) complex to an oxo-W(IV) complex.  
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Figure 3.3: Reduction via oxygen atom abstraction of 1 using phosphites. 

Reduction via oxygen atom abstraction utilizing a variety of phosphites was then tested on 1 in 

refluxing toluene (Figure 3.3). Complete conversion of the W(VI)-dioxo complex to a W(IV)-oxo was 

evident by 1H NMR by chemical shifts of 80 Hz of the t-butyl protons on the ligand. Oxygen atom 

abstraction was evident by 31P NMR by the appearance of a new phosphorous peak indicating oxidized 

phosphite (Figure 3.9-3.11). Successful, complete reduction of the W(VI)-dioxo phenolate to a W(IV)-oxo 

phenolate was achieved by a variety of phosphites as shown in Table 3.1. In some cases, labile 

coordination of the oxidized species can also be seen by 31P NMR. However, at lower concentrations 

coordination is less likely to occur (Table 3.1 entry 1).  

Entry Complex 1 mol% Reductant Conversion Products 

1 5% P(OPh)3 > 99% OP(OPh)3 

2 10% P(OPh)3 > 99% OP(OPh)3, bound  

W- OP(OPh)3 

3 10% P(OMe)3 > 99% OP(OMe)3, bound  

W-OP(OMe)3 

4 10% P(OEt)2Ph > 99% OP(OEt)2Ph, bound 

W-OP(OEt)2Ph 

Table 3.1: Reduction via oxygen atom abstraction of 1 with phosphites  

Reduction of a W=O bond by oxygen atom abstraction completes the first step in the catalytic 

cycle of DODH and is the first reported evidence of oxygen atom abstraction of a dioxo-W(VI) complex. 

However, when paired with diols in a catalytic reaction mixture, the reaction of trialkyl phosphites with 
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alcohols results in transesterification to yield mixed trialkyl phosphites.11 In the presence of excess 

reductant, diol substrate is preferentially consumed by the phosphite through this external 

transesterification pathway thereby leading to a substantial decrease in olefin yield. While heating 

triphenylphosphite with diol substrates in refluxing toluene, one or more aryl groups were replaced as 

was evident by phosphorous NMR (Figure 3.12). To avoid issues of transesterification in the subsequent 

mechanistic steps, alternative pathways to metal reduction were explored.  

DODH via Transfer Hydrogenation 

  Alcohols have been shown to be efficient reductants for DODH by reducing metal-oxo bonds via 

a two-proton two-electron reduction to generate water. Secondary alcohols are most commonly used as 

reductants in DODH reactions which through oxidation give ketones as a reaction by-product. The use of 

secondary alcohols as reductants brings many advantages, such as utilizing them as both reductant and 

solvent. Alcohols and ketones are also more easily recycled or recovered from reaction mixtures than 

oxo-accepting reductants.12  

 Rhenium-oxo complexes have been shown to catalyze the DODH of a variety of sugars and other 

useful biomass-derived polyols utilizing secondary alcohols as the reductant. Toste showed methyl 

trioxo rhenium (MTO) and 3-octanol could convert glycerol to allyl alcohol in 90% yield as well as 

erythritol into 1,3-butadiene in 89% yield with the remaining 11% product formation being 2,5-

dihydrofuran.13 A variety of other furans were produced in moderate yield from the conversion of 

tetroses and hexoses. Multiple other biomass-derived polyols were also reduced, such as xylitol, D-

arabinitol, ribitol, D-sorbitol, D-mannitol and a variety of inositols. MTO and secondary alcohols were 

also able to produce benzene from the DODH of myo-inositol. An expanded investigation showed 

tandem DODH reactions of MTO and 3-pentanol with a diverse substrate scope of biomass-derived 

polyols.14  
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 The ability to reduce 1 using multiple secondary alcohols was probed as a preliminary test 

before addition of diol substrate. When utilizing isopropanol, reduction was tracked by 1H NMR by 

distinct shifting of the ligand protons. As the dioxo-tungsten complex is consumed, the two singlets 

corresponding to the t-butyl protons decreases in intensity and as the reduced species is formed, two 

new t-butyl singlets appear and increase in intensity with a total chemical shift of 85 Hz. The aryl protons 

on the pyridine ring of the ligand experience chemical shifts of 117 Hz and 140 Hz. The appearance of 

the corresponding oxidized ketone by-product acetone is also visible by 1H NMR. The larger secondary 

alcohols 2-octanol, 3-octanol and butanol undergo competitive dehydration reactions with substrate to 

the corresponding alkene in 5-6% yield so they were not used as reductants. Isopropanol is also reduced 

to trace propene but only after refluxing for 25 hours without the presence of any other substrate 

(Figure 3.13). When diols are present, no propene is formed, so isopropanol was found to be the 

transfer hydrogenation reductant of choice. 

In a solution of 1 mmol 1 and 30 mmol iPrOH in 0.6 mL C6D6 with trimethoxybenzene as an 

internal standard, complete conversion of the dioxo-tungsten catalyst to the reduced, mono oxo-

tungsten species is achieved after 2 hours. However, when using isopropanol as both the reductant and 

the solvent, ligand displacement occurs which causes catalyst death. Therefore, DODH reactions utilizing 

transfer hydrogenation were performed in organic solvent with excess isopropanol present.  

The tartaric acid derivative (+)-L-diethyltartrate was converted to the corresponding alkene in 

33% yield with 10 mol % 1 and 1.3 mmol isopropanol (Figure 3.14). Under the same reaction conditions, 

1,4-anhydroerythritol was convert to 11% 2,5-Dihydrofuran (Figure 3.15). The results of the transfer 

hydrogenation DODH reactions are shown in Table where the olefin products are quantified by 1H NMR 

and GC/MS and are an average of at least two runs.  
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The successful transfer hydrogenation of secondary alcohols to the dioxo-tungsten center 

allowed for the reduction of the W(VI)-dioxo complex to a W(IV)-oxo complex. This evidence shows the 

first DODH of diols by a tungsten catalyst. 

Table 3.2: DODH via transfer hydrogenation 

Entry Substrate % loading Time 

(hours) 

Yield 

olefin 

% 

conversion 

1 (+)-L Diethyl 

tartrate 

10 56 33 32 

2 (+)-L Diethyl 

tartrate 

1 48 5 7 

3 Anhydroerythritol 10 24 11 13 

 

DODH via Oxidative Cleavage  

Oxidative C-C bond cleavage of a metal diolate to form a metal-dioxo and two equivalents of 

ketone or aldehyde has been shown predating the mechanistic application in DODH reactions. Research 

into the mechanism of transition metal mediated oxidation reactions has been widespread, beginning 

with the study of metallaoxetane intermediates in organometallic transformations.15 In particular, the 

highly debated mechanism of the dihydroxylation of alkenes by OsO4. Sharpless suggested this precedes 

through a stepwise [2+2] cycloaddition pathway to form a metallaoxetane where the electron deficient 

osmium is at the center,16 while Criegee proposed a concerted [3+2] addition to form the metal 

diolate.17 Formation of the metal-diolate intermediate has been the accepted mechanistic pathway due 

to the relevance of 1,3-dipolar cycloadditions in organic transformations.18  
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Gable did extensive work on the cycloreversion of rhenium diolate species to elucidate the 

mechanism by which metal-oxo bonds interact with alkene π bonds.19 They found that the 

cycloreversion occurs by first formation of the metal diolate followed by the rate limited step of 

methylene migration from oxygen to rhenium to form the metallaoxetane.20 They proposed this 

cycloreversion pathway based on evidence of a lack of symmetry in the diolate carbons in the transition 

state. Observation of a buildup of electronic density on the carbon of the reacting C-O bond shows the 

rate limiting step is methylene migration and not a concerted cleavage of C-O bonds. However, multiple 

DFT studies show diolate formation by a [3+2] cycloaddition pathway.21 The preferred pathway of 

addition seems to be influenced by ligand environment.22 

                                

       Figure 3.4: DODH via C-C oxidative cleavage 

Despite the argument of utilizing a [2+2] or [3+2] addition pathway, transition metal diolate 

formation and subsequent cycloreversion to form olefins has been reported for a variety of complexes. 

Schrock reported the formation of alkenes through cycloreversion of tungsten-oxo diolate species.23 
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Many more reports utilized rhenium diolates.24 The cycloreversion of metal diolates via olefin extrusion 

is not the only reaction mechanism metal diolates can undergo. Oxidative cleavage of the diolate C-C 

bond is also possible in some catalytic systems. This pathway produces two equivalents of aldehyde or 

ketone rather than regenerating M=O bonds. In DODH reactions, oxidative cleavage utilizes the 

substrate to reduce the metal dioxo center (Figure 3.4).  

 The oxidative cleavage pathway may increase the atom economy of the DODH reaction by 

eliminating the need for a sacrificial reductant. Deformylation may also allow the reaction to be run in 

neat substrate which eliminates the need for a solvent. Possible downsides to this pathway include 

condensation of the aldehyde side products with themselves to form an acetal, further complicating the 

reaction mixture and lowering the overall yield of the alkene. Depending on the aldehyde side products 

formed, commodity chemicals may be isolated through distillation. In fact, multiple competing 

mechanisms for catalyst reduction have been shown to produce product mixtures in the literature due 

to aldehyde formation through oxidative deformylation. This pathway is pervasive in Mo and V systems 

and has been shown to compete equally with transfer hydrogenation while using glycerol as a solvent, 

reductant, and substrate.25,26 

 Condensation reactions with 10 mol % of 1 were performed using 1-phenyl-1,2-ethanediol and 

(R,R)-(+)-hydrobenzoin in a variety of solvents at multiple temperatures. Condensation is represented by 

the formation of water and the formation of new diolate doublets by 1H NMR. In the case of 1-phenyl-

1,2-ethanediol, condensation is apparent and many new multiplet peaks arise in the alkene region which 

may be the formation of diolate species through the stepwise condensation pathway (Figure 3.16). No 

benzaldehyde can be seen, so deformylation does not occur and no styrene is formed. This can be 

explained by the C-C bond strengths of the bonds undergoing deformylation. The C-H bond energy in the 

benzylic position is weaker than one in a methyl position, so breaking the C-C bond to form 

benzaldehyde is favored but the corresponding formation of formaldehyde would be disfavored. In the 
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case of the hydrobenzoin reactions, oxidative cleavage was observed by the appearance of 

benzaldehyde in the reaction mixture (Figure 3.17). C-C bond cleavage is represented by the formation 

of benzaldehyde (noticeably the HCO proton) by 1H NMR. Noting this, attempts were made to push the 

reaction forward using only the diol as the reductant by utilizing the oxidative cleavage pathway to 

produce stilbene. 

With 10 mol % of 1 at 120°C in toluene, up to 89% conversion of (R,R)-(+)-hydrobenzoin is 

achieved after heating 28 hours with yields of 38% stilbene and 63% benzaldehyde (Table 3.3) 

determined by 1H NMR. The symmetric and sterically hindered vicinal diol 2,2,5,5-tetramethyl-3,4-

hexanediol was also shown to be active towards DODH via the oxidative cleavage pathway. With 9 mol 

% catalyst and a 12 mM solution of diol in toluene, 38% yield of the corresponding alkene is produced 

after refluxing for 28 hours (Figure 3.18). 

Table 3.3: DODH via C-C oxidative cleavage of substrate 

Entry Substrate diol 

concentration 

(mM) 

Solvent % 1 Time  

(hours) 

Yield 

olefin 

Yield 

aldehyde 

% 

conversion 

Mol 

error 

1 (R,R)-(+)-

hydrobenzoin 

18 Tol 10 17 28 56 80 2 

2 (R,R)-(+)-

hydrobenzoin 

14 Tol 10 28 38 63 89 11 

3 2,2,5,5-

Tetramethyl-

3,4-

hexanediol 

12 Tol 9 38 38 52 85 4 

 The successful coupling of substrate condensation with C-C bond cleavage allows for a 

completed DODH reaction cycle (Figure 3.4) which is the first ever report of a tungsten mediated DODH 

reaction utilizing the substrate as the reductant. 
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Further redox deoxygenation reactions 

 The DODH of glycerol to form allyl alcohol was studied using the Mo adduct of 1. Allyl alcohol 

was produced when refluxing the Mo catalyst in neat glycerol and distilling off the products (Figure 

3.19). The starting material WO2(acac)2 was also probed as a potential catalyst for the DODH of glycerol, 

however, when refluxing WO2(acac)2 in neat glycerol, the volatile products formed were a mixture of 

both DODH and oxidation products (Figure 3.24). Based on this preliminary data, the reaction of neat 

glycerol with 1 was attempted. The only products formed were oxidation products that form through 

the reduction of 1 through transfer hydrogenation (Figure 3.5). To optimize the formation of these 

aldehydes and ketones, DMSO was used as the solvent to promote the regeneration of the dioxo 

tungsten starting material through oxygen atom abstraction. 

 

Figure 3.5: Oxidation of glycerol and the reduction of 1 by transfer hydrogenation using DMSO 

In the presence of DMSO and 1 mol % of 1, glycerol is oxidized through transfer hydrogenation 

to form the ketone 1,3-Dihydroxyacetone in trace yield (3%) (Figure 3.5) and glyceraldehyde which 

dimerizes to form the DL-glyceraldehyde dimer in moderate yield (34%). The transfer hydrogenation 
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step also reduces the W(VI) dioxo to a W(IV) oxo which is which may then reduce DMSO to be oxidized 

back to a W(VI) species. This W(VI)/W(IV) cycle is observable by 1H NMR as two distinct sets of catalyst 

ligand protons (Figure 3.20). 

Density functional theory calculations of the mechanism of DODH 

Density functional theory calculations have primarily been used to probe the mechanistic 

pathways for rhenium catalyzed DODH.27 The results have generally predicted that activation of the diol 

through condensation to the rhenium center occurs first, then an oxygen atom transfer from the metal 

center to the reductant reduces the rhenium metal, followed by olefin extrusion from the diolate. DFT 

studies on the behavior of vanadium complexes towards DODH have presented a more complex 

mechanistic scope. Nicholas and Chapman used a vanadium dioxo complex to successfully perform 

DODH.28 They proposed the possibility of two reaction mechanisms: one where condensation occurs 

first and the other where reduction occurs first. Galindo used this same complex to probe these 

mechanistic possibilities using DFT.29 Since alkene extrusion is the rate limiting step in both pathways 

and reduction is comparable in each, he discovered the condensation step of each pathway was the 

most dissimilar step. The pathway in which the diol must condense on the non-reduced metal center 

was found to have a higher energy barrier than the condensation step that occurred on the reduced 

vanadium center. These studies lead to the conclusion that the pathway the reaction takes is dependent 

on the coordination of the metal species. Fristrup et. al. investigated the mechanism of diolate cleavage 

of vicinal and terminal diols using various Mo catalysts.30 

Density functional theory (DFT) was used to elucidate the mechanism of DODH using the 

abbreviated complex A and the theoretical diol 1,2-propanediol with the reductant trimethyl phosphite 

(Figure 3.6). The geometries of all structures and intermediates were optimized at the B3LYP31 level of 

theory with the def2-SVP32 basis set applying ECP33 for tungsten. Frequency calculations were performed 
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on the optimized geometries at the same level of theory to define the structures as transitions states or 

as minima. QST3 calculations using Gaussian were used to find transition state frequencies and bond 

lengths.34  

While performing condensation of the diol onto the metal center first, the reaction is 

exothermic by 25 kcal/mol with the rate limiting step being olefin extrusion which is exothermic by 11 

kcal/mol (Figure 3.5). A QST3 study of the metal diolate modeling the transition state of olefin extrusion 

at a frequency of -604.71 cm-1. The C-C bond of the forming alkene pi bond is 1.44 Å which is directly 

between the length of a C-C single bond (1.54 Å) and a C=C double bond (1.43 Å) (Figure 3.8). The W-O 

bond lengths are 1.81 Å where W-O bonds from a crystal structure of WO2(acac)2 (Figure 3.23) are 1.91 

Å for a W-O single bond and 1.73 Å for a W=O double bond.  

Conclusion 

 The novel d0 dioxo-W(VI) complex 1 was shown to be a competent catalyst for the DODH of 

various diol substrates showing the first report of tungsten catalyzed DODH. Multiple reaction 

mechanisms were employed and the oxidative C-C bond cleavage pathway was shown to give the 

highest reactions yields with the DODH of (R,R)-(+)-hydrobenzoin  giving 38% stilbene  in the presence of 

10 mol % catalyst.  The secondary alcohol isopropanol was a competent reductant in the DODH of 

multiple substrates in modest yields.  Finally, reduction via oxygen atom abstraction of 1 was shown by 

phosphite reductants. 
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Figure 3.6: DFT study of the DODH of the model reaction: P(OMe)3, 1,2-propanediol and the abbreviated 
catalyst A 
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Figure 3.7: Energy coordinate diagram of the model DODH reaction. The overall reaction is exothermic 
by 25 kcal/mol with the rate limiting step being the transition state TSF-A corresponding to olefin 
extrusion at 11 kcal/mol. 

 

Figure 3.8: QST3 structure of the transition state of olefin extrusion from a tungsten diolate. 
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Experimental Procedure 

General procedure for catalytic reactions and workup: 

A 15 mL pressure tube with a threaded Teflon cap was charged with catalyst diol, a known 

amount of internal standard naphthalene, and 10 mL of solvent. The reaction was stirred at constant 

temperature in an oil bath pre-heated to 120°C. The reactions were cooled to room temperature before 

analysis. NMR samples were prepared by taking a 0.1 mL aliquot of solution that was diluted with 0.4mL 

NMR solvent to a final volume of 0.5 mL. GC/MS samples were prepared by separating the metal species 

by column chromatography of a 0.5 mL aliquot of the reaction mixture. 

Appendix 

I. NMR Characterization 

 

Figure 3.9: 31P NMR spectra of a solution 5 mol% (ONO)WO2 and P(OPh)3 in 6 mL Toluene refluxed at 
120°C for 5 hours. 0.1mL aliquot in C6D6. Presence of the oxidized phosphite is seen at -17.5 ppm.  
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Figure 3.10: 31P NMR spectra of a solution 5 mol% (ONO)WO2 and P(OMe)3 in 6 mL Toluene refluxed at 
120°C for 5 hours. 0.1mL aliquot in C6D6. Presence of the oxidized phosphite is seen at 2.97 ppm. Bound 
phosphite is present at 9.45 ppm. 
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Figure 3.11: 31P NMR spectra of a solution 5 mol% 1 and P(OEt)2Ph in 6 mL Toluene refluxed at 120°C for 
5 hours. 0.1mL aliquot in C6D6. Presence of the oxidized phosphonite is seen at 18.3 ppm. Bound 
phosphonite is present at ppm 24.2. Bound oxidized phosphonite is present at 19.6 ppm. 
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Figure 3.12: Transesterification of hydrobenzoin with triphenylphosphite 
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Figure 3.13: 1 mol 1 and 25 mol isopropanol in 0.6mL C6D6 with internal standard trimethoxybenzene 
refluxed at 90°C for 25 hours. The presence of propene is shown by the methine proton resonance at 5.7 
ppm and the two methylene proton resonances at 5 ppm.   
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Figure 3.14: 10 mol % 1 and 140 mM (+)-L Diethyltartrate with 0.1mL iPrOH in 0.5mL Tol-d8 refluxed at 
120°C for 56 hours.  
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Figure 3.15: 10 mol % 1 and mM anhydroerythritol with 0.1mL iPrOH in 0.5mL Tol-d8 refluxed at 120°C 
for 56 hours.  
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Figure 3.16: 10 mol % 1 with 1-phenyl-1,2-ethanediol refluxed in toluene overnight. Diolate formation 
observed. 
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Figure 3.17: 1H NMR spectra of 1 mol WO2(ONO) and 2 mol hydrobenzoin in Tol-d8 refluxed 120°C 2 
hours.  
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Figure 3.18: 1H NMR spectra of 9 mol % WO2(ONO) and 12 mM 2,2,5,5-Tetramethyl-3,4-hexanediol in 
Tol-d8 refluxed 120°C 28 hours.         Denotes (3E)-2,2,5,5-Tetramethyl-3-hexene,        denotes starting 
diol,        denotes aldehyde formation.        
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Figure 3.19: 1H NMR of the distillate collected from a refluxing reaction of the Mo adduct of 1 in neat 
glycerol. 
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Figure 3.20: Oxidation of glycerol through the transfer hydrogenation with 1 to form DL-glyceraldehyde 
dimer and 1,3-Dihydroxyacetone. 1H NMR of an 840 mM solution of glycerol in DMSO-d3 with 1% 1 
heated 145°C for 48 hours.      Indicates the W(VI) species and      indicates the reduced W(IV) species. 
Peaks at 3.7 and 6.1 ppm are the internal standard trimethoxybenzene. 
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II. GC/MS data 

                                   

 

Figure 3.21: Chromatogram of a completed DODH reaction of 10 mol % 1 with hydrobenzoin. The peak 
at 9.690 minutes is the MS peak 180 corresponding to stilbene. The peak at 6.148 is the internal 
standard naphthalene.  
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Figure 3.22: Chromatogram of a completed DODH reaction of 10 mol % 1 with (+)-L Diethyl tartrate. The 
peak at 7.538 minutes is the MS peak 172 corresponding to alkene. The peak at 7.315 minutes is the MS 
peak 133 corresponding to a remnant diol peak. The peak at 6.148 is the internal standard naphthalene.  
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Figure 3.23: Chromatogram of (+)-L Diethyl tartrate in toluene. The peak at 7.315 minutes is the MS 
peak 133.  
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Figure 3.24: Chromatogram of the reaction of WO2(acac)2 with glycerol  
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III. X ray crystallography data 

                                               

 

Figure 3.25: Crystal structure of C2v, cis WO2(acac)2. Notable bond lengths: W1=O6: 1.729 Å, W1=O5: 
1.731 Å, W1-O1: 2.169 Å, W1-O2: 1.982 Å, W1-O3: 2.172 Å, W1-O4: 2.000 Å. 
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Table 3.4. Crystal data and structure refinement for WO2(acac)2 

Empirical formula C10 H16 O6 W  

Formula weight 416.08  

Crystal system monoclinic  

Space group P21/n  

Unit cell dimensions a = 7.3026(5) Ås = 90° 

 b = 16.0078(11) Å = 93.827(3)° 

 c = 13.2087(10) Å = 90° 

Volume 1540.63(19) Å3  

Z, Z' 4, 1  

Density (calculated)  1.794 Mg/m3  

Wavelength 0.71073 Å  

Temperature 100(2) K  

F(000) 792  

Absorption coefficient  7.509 mm-1  

Absorption correction semi-empirical from equivalents  

Max. and min. transmission 0.4105 and 0.2087  

Theta range for data collection 2.545 to 26.372°   

Reflections collected  24144  

Independent reflections  3141 [R(int) = 0.0529]  

Data / restraints / parameters 3141 / 179 / 154  

wR(F2 all data)  wR2 = 0.1946  

R(F obsd data) R1 = 0.0470  

Goodness-of-fit on F2 1.140  

Observed data [I > 2(I)] 3130  

Largest and mean shift / s.u. 0.002 and 0.000  

Largest diff. peak and hole 2.066 and -4.248 e/Å3  
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Chapter 4  

Group Transfer Reactions of Tungsten Imido Complexes Promoting the Conversion of Aldehydes to 

Imines 

Transition metal complexes containing multiple bonds to oxygen, nitrogen and carbon have 

extensive applications in the chemical industry and occur naturally in enzymatic systems.1 

Cycloaddition/cycloreversion reactions of complexes with metal ligand multiple bonds have primarily 

shown value in olefin metathesis utilizing alkylidene and alkylidyne complexes.2 However, other 

transition metal complexes with multiple bonds to O, N, S, NR, Pr, etc. have also been shown to undergo 

cycloaddition to promote diverse catalytic reactions. For example, metal imido complexes may react via 

cycloaddition with alkynes in hydroamination3, carboamination4 and iminoamination of alkynes.5 

Complexes with metal nitrogen multiple bonds may also promote C-H bond activation6 and imido group 

transfer reactions.7 

Exchange reactions between metal ligand multiple bonds and alkenes, alkynes, and imines are 

highly studied and well known to proceed through a metathesis like [2+2]-cycloaddition pathway.8 

Transfer reactions involving metal di-imido complexes are of specific interest due to their ability to 

produce a wide variety of metal complexes and catalysts with differing ligand coordination. Imido 

ligands may react with various organic substrates such as aldehydes, ketones, alkynes, alkenes, and 

imines to promote a variety of stoichiometric transformations. When reacting with unsaturated organic 

compounds, the M=NR bond undergoes [2+2]-cycloaddition to form a four membered azametallacycle 

which may then undergo protonation, insertion of additional substrates, or cycloreversion to form new 

M=X bonds. Carbonyl substrates are shown to promote cycloreversion through metathesis type fission 

to form M=O bonds due to their thermodynamic stability.9 Nugent and Mayer have shown the stability 
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of metal ligand multiple bonds to increase as the electronegativity of the bound ligand increases, so 

stability of M=O bonds are shown to generally be more stable than their imido or alkylidene 

counterparts.10 

Oxo-imido heterometathesis is one type of stoichiometric multiple bond metathesis that 

typically transforms M=NR bonds to M=O bonds through rection with oxo donating compounds.11 A 

M=X complex may undergo [2+2]-cycloaddition with an unsaturated organic substrate Y=Z to form a 

four membered intermediate which then, through [2+2] cycloreversion, produces a metal complex with 

a new M=Y bond and a new, unsaturated organic compound X=Z (Figure 4.1). Metal imido or metal 

alkylidene bonds may be converted into metal oxo bonds using aldehydes and ketones through this 

[2+2]-cycloaddition/retrocyclization pathway. Well known examples of this stoichiometric 

heterometathesis are the reactions of Schrock alkylidenes with imido and carbonyl compounds.12,13  

 

Figure 4.1 Stoichiometric multiple bond metathesis  

The first example of imido/oxo exchange heterometathesis was reported by Nugent in 1978 by 

reacting Ta(=NtBu)(NMe2) with excess benzaldehyde to give PhCH=NtBu. 14 They do not report the ligand 

environment of the corresponding exchanged Ta complex, however. Most reported imido/oxo exchange 

reactions involve group IV, d0 transition metal imido complexes which may be due to the increase in 

oxophilicity of metals as you move down and left through the d-block elements or the preferential 

binding early transition metals have to electronegative atoms.15 However, imido/oxo exchange reactions 

with group VI imido complexes have been reported. Jolly et. Al. has shown exchange between a variety 

of ligands proceeding through a metathesis-type, four-coordinate intermediate between ligands 
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multiply bonded to two distinct molybdenum (VI) centers.16 Cantrell and Meyer showed pairwise 

exchange through two Mo=(NR)2 centers to form the corresponding mixed bis(imide) Mo complexes 

with exchanged NR ligands while catalytically forming new C=N bonds through metathesis.17 Group VI 

transition metal catalyzed imido group transfer reactions using aldehydes and acyl chlorides have also 

been shown. McElwee-White synthesized N-phenyl imines through metathesis of aldehydes, ketones 

and thioketones with a tungsten (IV) imido complex (CO)5W=NPh.18 Veige reported nitrogen atom 

transfer reactions of molybdenum nitrides with acid chlorides to yield nitriles.19 They showed a Mo-

nitride bearing an OCO3- pincer ligand reacts with electrophiles to form a Mo-imido complex which then 

reacts with acid chlorides to form an azametallocyclobutene intermediate followed by cycloreversion to 

yield the nitrile and a Mo-oxo complex.  

The first accounts of catalytic imido/oxo ligand exchange reactions utilized the metals Re, Mo 

and V which are known to form stable metal-oxo complexes. Espenson et. Al. showed that CH3Re(NAd)3 

catalyzes the imidation of 4-nitrobenzaldehyde to 4-NO2C6H4CH=NAd and gives CH3Re(NAd)2O.20 Three 

molar equivalents of aldehyde allows formation of MTO while excess aldehyde causes a buildup of the 

oxo-complex. They’ve found that the reaction rate is increased using linear aliphatic aldehydes in place 

of aromatic aldehydes, however, the corresponding aliphatic imines are not stable upon formation 

whereas the aromatic imines counterparts are. Zarubin showed vanadium and molybdenum 

oxochlorides catalyzed imido-transfer between aldehydes and N-sulfinylamines to yield aldimines 

primarily at >99% conversion.21 The same group used a molybdenum diimido dialkyl complex to catalyze 

the imido/oxo exchange reaction of DMF with N-sulfinylanilines to give formamidines.22  

In order to increase the nucleophilicity of imido groups to promote reactivity towards exchange 

reactions, strong π-donating ligands are often employed. Wigley showed that significant “π-loading” of a 

metal center allows for a more reactive tungsten imido group by inducing competition between the 

imido group and the ligands for available d-π bonding orbital interactions thereby making the imido 
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group less engaged with metal bonding.23 This π-loading effect has been shown to successfully promote 

1,2-addition, [4+2], and [2 + 2] cycloaddition reactions with niobium(bisimido) complexes and a variety 

of organic substrates.24 Because group VI metal ligand multiple bonds are more covalent and therefore 

less nucleophilic than earlier group transition metals,25 fine tuning the ligand environment is necessary 

when synthesizing complexes for heterometathesis. Veige has shown tridentate pincer ligands to 

support high oxidation state metal centers through the electron donating ability of hard atoms such as 

oxygen and maintain a rigid geometry which prevents catalytic deactivation pathways like dimerization 

or comproportionation.26 Previously reported metathesis reactions between tungsten pentacarbonyl 

nitrene complexes and aldehydes exhibit stability issues upon formation of the W=O analogs as the 

liberation of CO2 occurs readily.27 Utilizing a large, pincer ligand, the possibility of unwanted byproduct 

formation may be eliminated through stabilization of the metal center while simultaneously activating 

the W=N bonds towards heterometathesis.  

Tungsten alkylidene and alkylidyne complexes with ONO type pincer ligands have been 

synthesized previously, as well as tungsten complexes with ONO ligands bearing single tungsten oxygen 

triple and double bonds.28 To date, five-coordinate tungsten (VI) diimido complexes with ONO and ONN 

pincer ligands have not been reported. This new class of compounds allows for possible synthetic routes 

to tungsten oxo/imido and tungsten dioxo species as well as routes to making new C-N bonds through 

stoichiometric metathesis with carbonyl compounds. Noting the stability of tungsten oxo bonds and the 

ability of π donating bulky ligands to stabilize a metal center and promote activity at the M=NR bonds, a 

tungsten diimido complex bearing a bulky ONO2- tridentate pincer ligand was synthesized and used to 

promote the stoichiometric imido/oxo exchange heterometathesis reactions with a variety of aldehydes 

to produce imines and new, W=O complexes.  
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 Figure 4.2 Synthesis of novel bisimido-W(VI) complexes with an ONO dianionic pincer ligand 

The complexes 1-3 were synthesized from the tungsten bisimido starting material Bis(tert-

butylimino)bis(dimethylamino)tungsten (VI) with two dimethylamine ligands which undergo an amine 

exchange reaction with the acid amide ligand (ONO(dipp))29 where formation of dimethyl amine 

facilitates complex formation (Figure 4.2). Dimethyl amine is easily removed by vacuum and the 

completed W(VI) bisimido complex supported by the bulky ONO dianionic pincer ligand 

(W(N(tBu))2(ONO)) is easily crystallized from acetonitrile. Crystal structures of the complex showed 

formation of the ligand binding through differing W-heteroatom bonds including the N,N bound ligand, 

the O,N bound ligand and the O,O bound ligand. All of which contain a cis-diimido-W fragment and have 
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a trigonal bipyramidal structure at the W center with the imido ligands occupying the equatorial plane of 

the complex. Formation of each ligand conformer (N,N versus O,O versus O,N) can be controlled by 

reaction solvent and crystallization solvent. When the reaction is performed in DCM and recrystallized 

from a mixture of DCM and pentane, the O,N bound isomer is formed (Figure 4.5). Crystallographic data 

also shows that the complex may interact with DCM and form the octahedral, six-coordinate complex 

WCl(N(tBu))2(ONO) (Figure 4.4). This is an interesting observation as it shows the potential reactivity of 

the five-coordinate complex towards C-H activation. When the reaction is run in acetonitrile, a yellow 

solid precipitates which is either the O,O or N,N bound ligand identified by 1H NMR as a symmetric 

ligand species. If the reaction solvent is pentane and the recrystallization solvent acetonitrile, the O,O 

bound crystal is formed as proven by x-ray crystallography (Figure 4.3). 

 

Figure 4.3. X-ray Crystal structure of 1 shows a cis-diimido trigonal bipyramidal W center. Selected bond 
lengths (Å): W-O1A = 2.035, W-O2A = 2.024, W=N4A = 1.781, W=N5A = 1.712. 
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Figure 4.4. X-ray Crystal structure of 3 shows a cis-diimido octahedral W center. Selected bond lengths 
(Å): W-O2 = 2.026, W-N1 = 2.107, W-Cl1 = 2.555, W=N4 = 1.928, W=N5 = 1.764. 

 

 

 



99 
 

 

Figure 4.5. X-ray Crystal structure of 2 shows a cis-diimido trigonal bipyramidal W center. Selected bond 
lengths (Å): W-N1A = 2.093, W-O2A = 2.016, W=N5A = 1.688, W=N4A = 1.743. 

Oxo-Imido exchange heterometathesis with WO2Cl2.  

The reactions of 1 with one molar equivalent WO2Cl2 were studied by 1H NMR. 10 mg 1 (1 mol) 

and 3.3 mg (1 mol) WO2Cl2 were added to a sealed pressure NMR tube. 0.7mL tol-d8 was added and the 

solution was refluxed at 120°C and monitored by 1H NMR every 2 hours. Reaction progress for the first 

imido/oxo ligand exchange to form the WO(N(tBu))(ONO) complex and WO(N(tBu)Cl2 is easily tracked 

through the imide/imine t-Bu protons as seen in Figure4.6. As the reaction progressed, the singlet 

corresponding to the tungsten imide t-Bu protons at 1.184 ppm experienced a chemical shift concurrent 

to an exchange from 1 to a new tungsten oxo-imido species WO(N(tBu))(ONO) at 0.9854 ppm. The single 

multiplet representing the ligand methine protons of 1 implies the ligand exists in a symmetric 

environment. Similarly, the complex WON(tBu)(ONO) also exhibits a single methine peak, implying the 

complex is also symmetric. The new imide species WO(NtBu)Cl2 is a single resonance at 0.7799 ppm. 

After refluxing three hours, a 1:1 ratio of starting 1: WON(tBu)(ONO)  is 1:1 indicating 50% conversion to 
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the mixed ligand species. After 27 hours, the ratio of 1: WON(tBu)(ONO)  is reduced to 1:0.09 giving a 

conversion 90% to the new imido/oxo species. There is no evidence to suggest formation of the 

tungsten dioxo complex using one molar equivalent WO2Cl2 verifying the mechanism of exchange 

between W=N to W=O bonds through a four-coordinate intermediate involving the W(VI) bisimido 

complex and the W dioxo starting material. 

Exchange reactions using an excess (4 mol) of WO2Cl2 showed a considerable increase in 

reaction rate as well as complete conversion to a new diimide species and a new asymmetric tungsten 

dioxo complex WO2(ONO). Upon addition of the oxo donor WO2Cl2, we begin to see formation of the 

new mixed imido/oxo species WON(tBu)(ONO) after heating the reaction 2 hours (Figure 4.6). After 

continued heating for 4 hours total, one equivalent of the exchanged oxo-imido WON(tBu)(ONO) as well 

as one equivalent of starting material 1 is visible along with one equivalent of a new imide species, 

WO(NtBu)Cl2, indicating the reaction is 50% complete. Further reflux shows consistent reduction of the 

imido/oxo species and growth of the WCl2N(t-Bu)2 species until nearly complete conversion of the 

WON(tBu)(ONO) is achieved after 12 hours. This additional reflux also led to visible shifting of the 

diisopropyl methyl protons and conversion to a single imide species as well as formation of a new 

asymmetric methine species which corresponds to 89% of the fully exchanged tungsten dioxo 

compound WO2(ONO). The dioxo complex shows asymmetry in the ligand environment. The methine 

protons are represented as two resonances at 3.410 and 3.480 ppm both with integration of 2. The 

methyl protons on the diisopropyl groups are represented as three distinct resonances, one at 1.377 

with integration of 12 and two with integration of 6 at 1.179 and 1.434 ppm.  
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Figure 4.6: 1H NMR of the exchange reaction between 1 mol of 1 and 4 mol WO2Cl2 in Tol-d8. 
The downfield resonance at 1.18 ppm corresponds to the tBu imine protons mixed oxo/imido species 
WON(tBu)(ONO) and the resonance at 1.07 ppm corresponds to the tBu imine protons of the exchanged 
W(N(tBu)2)Cl2. The bottom spectrum is after refluxing 2 hours, the middle spectrum is after refluxing 4 
hours, and the top spectrum is after refluxing 12 hours.  

 Table 4.1 shows a summary of the imido/oxo exchange heterometathesis reactions between 

WO2Cl2 and 1 in a variety of solvents. The coordinating solvent THF promotes the exchange reaction at 

room temperature. More polar solvents acetonitrile and chlorobenzene have slightly higher conversions 

than the non-polar solvent toluene, and the high boiling point of chlorobenzene provides complete 

conversion to the mixed imido/oxo species in just six hours. 
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Table 4.1: scope for the reaction of 1 with WO2Cl2 

Solvent Oxo-Source Temperature 

°C 

Time 

(hours) 

Conversion to new 

oxo/imido species 

Conversion to 

new dioxo species 

ACN 1 WO2Cl2 100 27 90% 0% 

Tol-d8 1 WO2Cl2 120 48 84% 0% 

THF 1 WO2Cl2 RT 20 74% 0% 

C6H5Cl 1 WO2Cl2 180 6 100% 0% 

Tol-d8 4 WO2Cl2 120 2 59% 82% after 12 hours 

Espensen showed that steric environment played an important role in rate of exchange.20 This 

was observable using the same conditions for exchange using both 1 and the complex 

W(N(dipp))2Cl2(dme) bearing a much larger imido ligand diisopropyl amine. In tol-d8 with excess WO2Cl2 

at 120°C, 1 reached 84% conversion after 48 hours whereas W(N(dipp))2Cl2(dme) reached 50% 

conversion after 48 hours and remained unchanged after 96 hours.  

 

Figure 4.7 Imido/oxo exchange heterometathesis of 1 with aldehydes to produce imines and new W-
dioxo complexes 
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Table 5.2: Substrate scope for the heterometathesis reaction of 1 with aldehydes to form imines 

 

 

 

 

 

 

 

The reactions of 1 with a variety of aldehydes and ketones were studied using 1H NMR 

spectroscopy. Scheme shows the proposed heterometathesis reaction pathway for conversion to a new 

W-dioxo complex while forming new C-N bonds by producing imines. 1 mol complex 1 and 4 mol 

aldehyde were combined with 0.7 mL deuterated solvent or 5 mL protonated solvent. The reactions 

were performed under either ambient or reflux conditions (Table 4.2). In the case of reactions 

Substrate Solvent Temperature °C Time Product Conversion 

 
chlorobenzene RT 12 hrs 

 
>99% 

 
chlorobenzene 180 12 hrs 

 
>99% 

 
acetonitrile-d3 100 2 hrs 

 
>99% 

 
acetonitrile-d3 100 2 hrs 

 
>99% 

 

acetonitrile-d3 100 12 hrs 

 

>99% 

 
chlorobenzene 180 20 hrs 

 
0 

 
chlorobenzene 180 18 hrs 

 
0 

 
chlorobenzene 180 72 hrs 

 
0 
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performed in deuterated solvents, the reactions were monitored every two hours by 1H NMR 

spectroscopy. Acid catalyzed condensation reactions of each aldehyde with tert-butylamine were 

performed in dichloromethane with sieves in order to obtain 1H chemical shifts of the corresponding 

imines in a variety of solvents. The reduction in intensity of the aldehyde proton corresponds to the 

appearance of and the increase in intensity of the imine proton over time. A variety of solvents were 

studied and found to successfully convert aldehyde to imine as indicated by consumption of two 

equivalents of aldehyde and appearance of two equivalents of imine. Activated aldehydes with electron 

withdrawing groups such as 4-nitrobenzaldehyde can be converted to the corresponding 4-nitro-N-tert-

butylbenzylimine in a variety of solvents at ambient temperature. Deactivated aldehydes such as        

2,4-dihydroxybenzaldehyde reach only 50% conversion at room temperature and require refluxing to 

complete conversion to the corresponding 2,4-dihydroxy-N-tert-butylbenzylimine. Issues of stability for 

aliphatic imines led to no observation of N-tert-Butylpropylidenamine from propionaldehyde. Both 

ketones studied were not active towards imdo exchange.  

Novel diimido-tungsten complexes with pincer ligands were synthesized and characterized. The 

large pincer may help to stabilize the tungsten center during exchange reactions thereby making the 

corresponding tungsten oxo/imido and tungsten dioxo complexes more stable. Complex 1 was found to 

react with a variety of substituted aldehydes to form imines and tungsten dioxo complexes. Linear 

aliphatic aldehydes do not react due to the instability of the corresponding imines. Mixed tungsten 

imido-oxo complexes may be synthesized by reacting tungsten diimido and tungsten dioxo complexes in 

solution. The exchange is thought to proceed through a bridging four-coordinate intermediate and 

proceed through a metathesis type reaction pathway. These reactions may prove as an efficient 

synthetic pathway to tungsten dioxo and tungsten imido/oxo complexes as well as an efficient way to 

synthesize imines by creating new C-N bonds. 
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Experimental Procedure 

Materials. 2,4-dihydroxybenzaldehyde, 4-nitrobenzaldehyde and benzophenone were dissolved 

in DCM and stirred over molecular sieves to dry. Benzaldehyde, acetophenone, isobutyraldehyde and   

2-flourobenzaldehyde were distilled prior to use. All solvents were obtained from a dry solvent system 

and stored over molecular sieves prior to use. All reactions were carried out under nitrogen atmosphere 

or in sealed pressure vessels unless otherwise noted.  

Control condensation reactions: 

Control reactions of each aldehyde with tert-butyl amine were performed to achieve reference 

proton NMR shifts of the corresponding imines. 1 mol aldehyde with 1 mol amine was stirred in 20 mL 

Et2O with molecular sieves at room temperature overnight. The mixture was filtered through celite to 

remove the sieves and the product was analyzed by 1H NMR in CDCl3 or C6D6.  

 

Synthesis of WN(t-Bu)2[N,N'-Bis(2,6-diisopropylphenyl)-2,6-pyridinedicarboxamide] 1  

1.2 mmol (0.4 mL) W(NMe)2N(t-Bu)2 and 1.2 mmol (588.5mg) N,N'-bis(2,6-diisopropylphenyl)-

2,6-pyridinedicarboxamide in acetonitrile stirred at room temperature overnight. The bright yellow solid 

precipitate was collected via filtration and dried. WN(t-Bu)2[N,N'-bis(2,6-diisopropylphenyl)-2,6-

pyridinedicarboxamide] 784.7mg (70%): 1H NMR (500 MHz, C6D6) δ 7.737 (d, 2H py) δ7.246 (d, 4H Ar) 

δ7.127 (t, 2H Ar) δ6.789 (t, 1H py) δ3.383 (septet, 4H methyne) δ1.412 (d, 24H Me) δ1.195 (s, 18H t-Bu) 

13C NMR (400 MHz, C6D6) δ157.08 (C=N) δ152.53 (C 2,6 Py) δ143.77 (C-N dipp) δ143.61 (C 2,6 dipp) 

δ138.08 (C 3,5 Py) δ124.34 (C 4 dipp) δ124.27 (C 3,5 dipp) δ122.95 (C 4 Py) δ67.969 (C C(Me3) t-Bu) 

δ32.714 (C(Me)2 iPr) δ23.905 (C Me t-Bu) 
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1.2 mmol (0.0446g) W(NMe)2N(t-Bu)2 and 1.2 mmol (51.5mg) N,N'-bis(2,6-diisopropylphenyl)-

2,6-pyridinedicarboxamide in diethyl ether stirred at room temperature overnight to give a clear yellow 

orange solution. Solvent removed in vacuo and solid dissolved and triturated with acetonitrile to yield 

bright yellow solid. Solid collected as complex 1 and solute stored at -30°C to yield small yellow crystals 

after one day. O,O bound, symmetric product, Complex 1. (KAD-II-27-A-3) δ7.738 (d, 2H Py) δ7.249 (d, 

4H Ar) δ7.128 (t, 2H Ar) δ6.787 (t, 1H Py) δ3.384 (septet, 4H methyne) δ1.414 (d 24H Me) δ1.195 (s, 18H 

t-Bu) 

 

Synthesis of WN(t-Bu)2[N,N'-Bis(2,6-diisopropylphenyl)-2,6-pyridinedicarboxamide] Complex 2 (KAD-II-

69-B-3, KAD-II-69-C-3) 

1.2 mmol (0.380 mL) W(NMe)2N(t-Bu)2 and 1.2 mmol (585.8mg) N,N'-bis(2,6-

diisopropylphenyl)-2,6-pyridinedicarboxamide in acetonitrile stirred at room temperature overnight. 

The bright yellow solid precipitate (Complex 1) was collected via filtration and dried. Acetonitrile solute 

was stored at -30°C for five days to yield round, dark yellow crystals. O,N bound, asymmetric product, 

Complex 2. 1H NMR (500 MHz, CD3CN) δ8.561 (t, 1H Py) δ 8.487 (d, 1H Py) δ8.234 (d, 1H Py) δ7.197-

7.146 (m, 3H Ar N-bound) δ7.126-7.111 (m, 2H Ar O-bound) δ7.057-7.027 (m, 1H Ar O-bound) δ3.223 

(septet, 2H methyne) δ3.003 (septet, 2H methyne) δ1.265 (d, 6H Me) δ1.153 (d, 12H Me) δ1.022 (d, 6H 

Me) δ0.9896 (s, 18H t-Bu) 13C NMR (400MHz, CD3CN) δ173.73 (C=O) δ158.11 (C=N) δ152.57, δ149.68, 

δ149.13, δ146.10, δ144.59, δ144.22, δ139.15, δ127.28, δ126.42,  δ125.61, δ124.49, δ124.46, δ123.46, 

δ68.555, δ32.386, δ29.507, δ29.184, δ25.409, δ23.545 
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Synthesis of WClN(t-Bu)NH(tBu)[N,N'-Bis(2,6-diisopropylphenyl)-2,6-pyridinedicarboxamide] Complex 3 

1.2 mmol (42.70 mg) W(NMe)2N(t-Bu)2 and 1.2 mmol (50.20 mg) N,N'-bis(2,6-

diisopropylphenyl)-2,6-pyridinedicarboxamide in 8mL dichloromethane heated in a pressure tube to 

70°C for 48 hours. Yellow solution dried, dissolved in minimum dichloromethane and layered with 

pentane to give yellow, block-shaped crystals, Complex 3. 

    

Synthesis of 2,6-diisopropylphenyl)-2,6-pyridinedicarboxamide (ONO)29 

1 mmol (2g) 2,6-Pyridinedicarbonyl dichloride in 20mL dry THF cooled to 0C followed by the 

addition of 2 mmol (3.7mL) diisopropylanaline and 3 mmol (2.7 mL) triethylamine in 20mL dry THF at 0C. 

Solution stirred 2 hours. Filtered to collect solute. Solute dried under vacuum then triturated with hot 

hexanes. White solid collected, dissolved in CH2Cl2 and dried over Mg2SO4. Solution collected and dried 

to give the ligand 2,6-diisopropylphenyl)-2,6-pyridinedicarboxamide 91%. 

 

Synthesis of W(N(dipp))2Cl2(dme)30 

To a solution of 1.998g WOCl4 in 25mL Et2O and2 mL dimethoxyethane , 3.7 mL (mmol)TMS-Cl 

was added dropwise . 2.7 mL (mmol) lutidine and 2.2 mL (mmol) aniline were then added and the 

solution was stirred overnight at room temperature . The bright red orange solution was filtered to 

remove a blue impurity. The solution was pumped down to a red, oily solid which was triturated and 

rinsed with pentane to give a yellow orange solid. 1H NMR C6D6 (400 MHz) δ7.133 (d, 4H), δ6.859 (t, 2H), 

δ4.291 (p, 4H), δ3.456 (s, 6H), δ3.068 (s, 3H), δ1.315 (d, 24H). 
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Appendix 

I. NMR characterizations 

 

Figure 4.8: 1H NMR of 1 in CDCl3 400 MHz 
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Figure 4.9: 1H NMR of the 50% exchanged product WON(tBu)(ONO) in CDCl3 400MHz 
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Figure 4.10: 1H NMR of the 100% exchanged, asymmetric product WO2(ONO) in CDCl3 400MHz 
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Figure 4.11: 13C NMR of the O,N bound crystal 2 CDCl3 300 MHz 
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Figure 4.12: 1H NMR of the acid catalyzed dehydration reaction of 4-nitrobenzaldehyde with tert-
butylamine. C6D6 400 MHz 
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Figure 4.13: 1H NMR of the acid catalyzed dehydration reaction of 2,4-dihydroxybenzaldehyde with tert-
butylamine. C6D6 400 MHz 
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Figure 4.14: 1H NMR of the acid catalyzed dehydration reaction of benzaldehyde with tert-butylamine. 
CDCl3 400 MHz 
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Figure 4.15: 1H NMR of the acid catalyzed dehydration reaction of 2-flourobenzaldehyde with tert-
butylamine. CDCl3 400 MHz 
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Figure 4.16: 1H NMR of the acid catalyzed dehydration reaction of isobutyraldehyde with tert-
butylamine. C6D6 400 MHz 
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II. X ray crystallography data 

Table 4.3. Crystal data and structure refinement for 1 

Empirical formula (C39 H55 N5 O2 W) • (C2 H3 N)  

Formula weight 850.78  

Crystal system monoclinic  

Space group Cc  

Unit cell dimensions a = 20.6224 (16) Å = 90° 

 b = 51.831 (4) Å = 90.543(3)° 

 c = 23.0086 (19) Å = 90° 

Volume 24592 (3) Å3
  

Z, Z' 24, 6  

Density (calculated)  1.379 Mg/m3  

Wavelength 0.71073 Å  

Temperature 103(2) K  

F(000) 10464  

Absorption coefficient  2.858 mm-1
  

Absorption correction semi-empirical from equivalents  

Max. and min. transmission 0.4037 and 0.2712  

Theta range for data collection 2.199 to 26.372°   

Reflections collected  113849  

Independent reflections  46763 [R(int) = 0.0335]  

Data / restraints / parameters 46763 / 2825 / 2749  

wR(F2 all data)  wR2 = 0.1543  

R(F obsd data) R1 = 0.0537  

Goodness-of-fit on F2 1.008  

Observed data [I > 2(I)] 43660  

Absolute structure parameter 
Largest and mean shift / s.u. 

0.504(12) 
0.007 and 0.000 

 

Largest diff. peak and hole 4.010 and -3.473 e/Å3  
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Table 4.4. Crystal data and structure refinement for 2 

Empirical formula (C78 H110 N10 O4.81 W2)   

Formula weight 1632.41  

Crystal system triclinic  

Space group P1  

Unit cell dimensions a = 12.294 (3) Å = 94.961 (5)° 

 b = 13.766 (3) Å = 91.780 (5)° 

 c = 29.193 (6) Å = 116.214 (5)° 

Volume 4402.6(17) Å3
  

Z, Z' 2, 1  

Density (calculated)  1.231 Mg/m3  

Wavelength 0.71073 Å  

Temperature 100(2) K  

F(000) 1669  

Absorption coefficient  2.658 mm-1
  

Absorption correction semi-empirical from equivalents  

Max. and min. transmission 0.4296 and 0.3465  

Theta range for data collection 2.107 to 22.722°   

Reflections collected  62929  

Independent reflections  11798 [R(int) = 0.0335]  

Data / restraints / parameters 11798 / 2152 / 1115  

wR(F2 all data)  wR2 = 0.1957  

R(F obsd data) R1 = 0.0847  

Goodness-of-fit on F2 1.244  

Observed data [I > 2(I)] 9345  

Absolute structure parameter 
Largest and mean shift / s.u. 

0.504(12) 
0.024 and 0.000 

 

Largest diff. peak and hole 2.239 and -3.492 e/Å3  
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Table 4.5. Crystal data and structure refinement for 3 

Empirical formula (C39 H56 Cl N5 O2 W)  

Formula weight 846.18  

Crystal system monoclinic  

Space group P21/n  

Unit cell dimensions a = 12.1615 (16) Å = 90° 

 b = 26.753 (4) Å = 98.402(4)° 

 c = 12.1706 (15) Å = 90° 

Volume 3917.3 (9) Å3
  

Z, Z' 4, 1  

Density (calculated)  1.435 Mg/m3  

Wavelength 0.71073 Å  

Temperature 100(2) K  

F(000) 1728  

Absorption coefficient  3.056 mm-1
  

Absorption correction semi-empirical from equivalents  

Max. and min. transmission 0.631 and 0.482  

Theta range for data collection 2.276 to 31.505°   

Reflections collected  192489  

Independent reflections  12939 [R(int) = 0.0758]  

Data / restraints / parameters 12939 / 136 / 476  

wR(F2 all data)  wR2 = 0.1082  

R(F obsd data) R1 = 0.0426  

Goodness-of-fit on F2 1.003  

Observed data [I > 2(I)] 10676  

Largest and mean shift / s.u. 0.003 and 0.000  

Largest diff. peak and hole 1.830 and -2.840 e/Å3  

 

 

 

 

 

 

 

 



120 
 

References 

(1) Brondino, C. D.; Romão, M. J.; Moura, I.; Moura, J. J. Molybdenum and Tungsten Enzymes: The 
Xanthine Oxidase Family. Current Opinion in Chemical Biology 2006, 10 (2), 109–114. 
https://doi.org/10.1016/j.cbpa.2006.01.034. 
 
(2) Katz, T. J. The Olefin Metathesis Reaction. In Advances in Organometallic Chemistry; Elsevier, 

1977; Vol. 16, pp 283–317. https://doi.org/10.1016/S0065-3055(08)60564-X. 

(3) Johnson, J. S.; Bergman, R. G. Imidotitanium Complexes as Hydroamination Catalysts: 

Substantially Enhanced Reactivity from an Unexpected Cyclopentadienide/Amide Ligand Exchange. J. 

Am. Chem. Soc. 2001, 123 (12), 2923–2924. https://doi.org/10.1021/ja005685h. 

(4) Ruck, R. T.; Zuckerman, R. L.; Krska, S. W.; Bergman, R. G. Carboamination: Additions of Imine C-
N Bonds Across Alkynes Catalyzed by Imidozirconium Complexes. Angew. Chem. Int. Ed. 2004, 43 (40), 
5372–5374. https://doi.org/10.1002/anie.200461063. 
 
(5) Odom, A. L.; McDaniel, T. J. Titanium-Catalyzed Multicomponent Couplings: Efficient One-Pot 
Syntheses of Nitrogen Heterocycles. Acc. Chem. Res. 2015, 48 (11), 2822–2833. 
https://doi.org/10.1021/acs.accounts.5b00280. 
 
(6) Webb, J. R.; Burgess, S. A.; Cundari, T. R.; Gunnoe, T. B. Activation of Carbon–Hydrogen Bonds 
and Dihydrogen by 1,2-CH-Addition across Metal–Heteroatom Bonds. Dalton Trans. 2013, 42 (48), 
16646. https://doi.org/10.1039/c3dt52164h. 
 
(7) Heyduk, A. F.; Zarkesh, R. A.; Nguyen, A. I. Designing Catalysts for Nitrene Transfer Using Early 

Transition Metals and Redox-Active Ligands. Inorg. Chem. 2011, 50 (20), 9849–9863. 

https://doi.org/10.1021/ic200911b. 

(8) Katz, T. J. The Olefin Metathesis Reaction. In Advances in Organometallic Chemistry; Elsevier, 
1977; Vol. 16, pp 283–317. https://doi.org/10.1016/S0065-3055(08)60564-X. 
 
(9) Walsh, P. J.; Hollander, F. J.; Bergman, R. G. Generation, Alkyne Cycloaddition, Arene Carbon-

Hydrogen Activation, Nitrogen-Hydrogen Activation and Dative Ligand Trapping Reactions of the First 

Monomeric Imidozirconocene (Cp2Zr:NR) Complexes. J. Am. Chem. Soc. 1988, 110 (26), 8729–8731. 

https://doi.org/10.1021/ja00234a043. 

(10) W. A. Nugent and J. M. Mayer , Metal–Ligand Multiple Bonds , John Wiley & Sons, New York, 
1988 
 
(11) Zhizhko, P. A.; Zhizhin, A. A.; Belyakova, O. A.; Zubavichus, Y. V.; Kolyagin, Y. G.; Zarubin, D. N.; 
Ustynyuk, N. A. Oxo/Imido Heterometathesis Reactions Catalyzed by a Silica-Supported Tantalum Imido 
Complex. Organometallics 2013, 32 (13), 3611–3617. https://doi.org/10.1021/om4001499. 
 
(12) Rocklage, S. M.; Schrock, R. R. Preparation of Organoimido and .Mu.-Dinitrogen Complexes of 
Tantalum and Niobium from Neopentylidene Complexes. J. Am. Chem. Soc. 1982, 104 (11), 3077–3081. 
https://doi.org/10.1021/ja00375a022. 
 

https://doi.org/10.1016/j.cbpa.2006.01.034
https://doi.org/10.1016/S0065-3055(08)60564-X
https://doi.org/10.1021/ja005685h
https://doi.org/10.1002/anie.200461063
https://doi.org/10.1021/acs.accounts.5b00280
https://doi.org/10.1039/c3dt52164h
https://doi.org/10.1021/ic200911b
https://doi.org/10.1016/S0065-3055(08)60564-X
https://doi.org/10.1021/ja00234a043
https://doi.org/10.1021/om4001499
https://doi.org/10.1021/ja00375a022


121 
 

(13) Schrock, R. R. Multiple Metal-Carbon Bonds. 5. The Reaction of Niobium and Tantalum 

Neopentylidene Complexes with the Carbonyl Function. J. Am. Chem. Soc. 1976, 98 (17), 5399–5400. 

https://doi.org/10.1021/ja00433a062. 

 

(14) Nugent, W. A.; Harlow, R. L. Structure and Reactivity in the Group 5 B t-Butylimido Complexes 

(Me 2 N) 3 M NBu t ; X-Ray Crystal and Molecular Structure of N-t-

Butylimidotris(Dimethylamido)Tantalum. J. Chem. Soc., Chem. Commun. 1978, No. 14, 579–580. 

https://doi.org/10.1039/C39780000579. 

(15) Rocklage, S. M.; Schrock, R. R. Tantalum Imido Complexes. J. Am. Chem. Soc. 1980, 102 (26), 

7808–7809. https://doi.org/10.1021/ja00546a043. 

(16) (A) Jolly, M.; Mitchell, J. P.; Gibson, V. C. Imido Ligand Reactivity in Four-Co-Ordinate Bis(Imido) 
Complexes of Molybdenum(VI). J. Chem. Soc., Dalton Trans. 1992, No. 7, 1329. 
https://doi.org/10.1039/dt9920001329. (B) Gibson, V. C.; Graham, A. J.; Jolly, M.; Mitchell, J. P. Pairwise 
Ligand Exchange Reactions in Tetrahedral and Pseudo- Tetrahedral Transition Metal Complexes. Dalton 
Trans. 2003, 9. 
 
(17) Cantrell, G. K.; Meyer, T. Y. Catalytic CN Bond Formation by Metal-Imide-Mediated Imine 
Metathesis. J. Am. Chem. Soc. 1998, 120 (32), 8035–8042. https://doi.org/10.1021/ja981272t. 
 
(18) Arndtsen, B. A.; Sleiman, H. F.; Chang, A. K.; McElwee-White, L. Evidence for Ambiphilic Behavior 
in (CO)5W:NPh. Conversion of Carbonyl Compounds to N-Phenyl Imines via Metathesis. J. Am. Chem. 
Soc. 1991, 113 (13), 4871–4876. https://doi.org/10.1021/ja00013a024. 
 
(19) Sarkar, S.; Abboud, K. A.; Veige, A. S. Addition of Mild Electrophiles to a Mo≡N Triple Bond and 

Nitrile Synthesis via Metal-Mediated N-Atom Transfer to Acid Chlorides. J. Am. Chem. Soc. 2008, 130 

(48), 16128–16129. https://doi.org/10.1021/ja805629x. 

(20) Wang, W.-D.; Espenson, J. H. Metathesis Reactions of Tris(Adamantylimido)Methylrhenium and 
Aldehydes and Imines. Organometallics 1999, 18 (24), 5170–5175. https://doi.org/10.1021/om990462p. 
 
(21) Zhizhin, A. A.; Zarubin, D. N.; Ustynyuk, N. A. An Imido-Transfer Reaction of Aldehydes with N-

Sulfinylamines Using Vanadium and Molybdenum Oxochlorides as Catalysts. Tetrahedron Letters 2008, 

49 (4), 699–702. https://doi.org/10.1016/j.tetlet.2007.11.131 

(22) Zhizhin, A. A.; Zarubin, D. N.; Ustynyuk, N. A. Molybdenum-Mediated Imido-Transfer Reaction of 
N-Sulfinylamines with Dimethylformamide. Mendeleev Communications 2009, 19 (3), 165–166. 
https://doi.org/10.1016/j.mencom.2009.05.019. 
 
(23) Chao, Y. W.; Rodgers, P. M.; Wigley, D. E.; Alexander, S. J.; Rheingold, A. L. Tris(Phenylimido) 
Complexes of Tungsten: Preparation and Properties of the D0 W(:NR)3 Functional Group. J. Am. Chem. 
Soc. 1991, 113 (16), 6326–6328. https://doi.org/10.1021/ja00016a090. 
 
(24) (A) Obenhuber, A. H.; Gianetti, T. L.; Bergman, R. G.; Arnold, J. Regioselective [2+2] and [4+2] 
Cycloaddition Reactivity in an Asymmetric Niobium(Bisimido) Moiety towards Unsaturated Organic 
Molecules. Chem. Commun. 2015, 51 (7), 1278–1281. https://doi.org/10.1039/C4CC07851A. (B) 

https://doi.org/10.1021/ja00433a062
https://doi.org/10.1039/C39780000579
https://doi.org/10.1021/ja00546a043
https://doi.org/10.1039/dt9920001329
https://doi.org/10.1021/ja981272t
https://doi.org/10.1021/ja00013a024
https://doi.org/10.1021/ja805629x
https://doi.org/10.1021/om990462p
https://doi.org/10.1016/j.tetlet.2007.11.131
https://doi.org/10.1016/j.mencom.2009.05.019
https://doi.org/10.1021/ja00016a090
https://doi.org/10.1039/C4CC07851A


122 
 

Fostvedt, J. I.; Grant, L. N.; Kriegel, B. M.; Obenhuber, A. H.; Lohrey, T. D.; Bergman, R. G.; Arnold, J. 1,2-
Addition and Cycloaddition Reactions of Niobium Bis(Imido) and Oxo Imido Complexes. Chem. Sci. 2020, 
11 (42), 11613–11632. https://doi.org/10.1039/D0SC03489D. 
 
(25) Firman, T. K.; Landis, C. R. Valence Bond Concepts Applied to the Molecular Mechanics 
Description of Molecular Shapes. 4. Transition Metals with π-Bonds. J. Am. Chem. Soc. 2001, 123 (47), 
11728–11742. https://doi.org/10.1021/ja002586v. 
 
(26) O’Reilly, M. E.; Veige, A. S. Trianionic Pincer and Pincer-Type Metal Complexes and Catalysts. 
Chem. Soc. Rev. 2014, 43 (17), 6325–6369. https://doi.org/10.1039/C4CS00111G. 
 
(27) Arndtsen, B. A.; Sleiman, H. F.; Chang, A. K.; McElwee-White, L. Evidence for Ambiphilic Behavior 

in (CO)5W:NPh. Conversion of Carbonyl Compounds to N-Phenyl Imines via Metathesis. J. Am. Chem. 

Soc. 1991, 113 (13), 4871–4876. https://doi.org/10.1021/ja00013a024. 

(28) O’Reilly, M. E.; Veige, A. S. Trianionic Pincer and Pincer-Type Metal Complexes and Catalysts. 
Chem. Soc. Rev. 2014, 43 (17), 6325–6369. https://doi.org/10.1039/C4CS00111G. 
 
(29) 2,6-diisopropylphenyl)-2,6-pyridinedicarboxamide: adapted from Zhang, J, Shaofeng, L., Ye., H., 

Li, Z, New J. Chem., 2016, 40, 7027-7033 

(30) Schrock, R. R.; DePue, R. T.; Feldman, J.; Yap, K. B.; Yang, D. C.; Davis, W. M.; Park, L.; DiMare, 

M.; Schofield, M. Organometallics 1990, 9 (8), 2262–2275  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

https://doi.org/10.1039/D0SC03489D
https://doi.org/10.1021/ja002586v
https://doi.org/10.1039/C4CS00111G
https://doi.org/10.1021/ja00013a024
https://doi.org/10.1039/C4CS00111G


123 
 

Chapter 5 

Synthesis of Group VI Aryl Oxide Complexes Bearing Oxo Ligands 

Group (VI) metal oxo complexes bearing large monodentate ligands have long given interest in 

their utility as metathesis catalysts precursors, C-H activation catalysis and polymerization catalysts.1 

Sterically demanding aryloxide and alkoxide ligands in particular have been shown to stabilize low-

coordinate transition metal complexes.2 However, to the significant reactivity of coordinatively 

unsaturated metal centers, sufficient steric bulk in the ligand is required to prevent disproportionation, 

comproportionation, or dimerization.3 Aryloxide ligands have the ability to be highly modified by the 

addition of steric constraints to the phenol ring through electrophilic aromatic substitution. Phenyl rings 

or other large cyclic carbon substituents are ideal components since smaller alkyl groups such as tert-butyl 

or isopropyl have been shown to not be robust enough to prevent cyclometallation reactions at the metal 

center.4    

Large aryloxide ligands may protect W=O bonds during deoxygenation reactions through steric 

hindrance while allowing for increased chemical and thermal stability of the complexes. Controlling the 

number of aryloxide ligands that are substituted onto the metal center has proven difficult, especially 

when using WCl6 as a starting material due to the large availability of potential coordination sites when 

using a hexachloride and the precooridnation/protonation pathway described by Hana.5 Addition of 

aryloxide ligands to group (VI) metal centers shows ligands occupying variable coordination sites giving 

complexes that are four, five and six coordinate depending on varying ligand substitution. For instance, 

beginning with the starting material WCl6, the complexes WCln-xOArx will be formed.  Isolation of a four-

coordinate molybdenum dioxo diaryloxide complex proves difficult due to the instability of a group (VI) 

four-coordinate complex. However, Hanna et. al. observed formation of the four-coordinate 

molybdenum-dioxo diaryloxide species with the use of sufficiently bulky substituents in the ortho position 

of the aryl portion of the liagnds.6 The protonated phenoxide starting material along with a base were 
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shown to stabilize the coordinatively unsaturated center. Without these, coordination of polar solvents 

occurred. They believe that π donation by the ligands help stabilize the four-coordinate species and 

increase the strength of the Mo=O bonds which is a beneficial quality for DODH catalysts.7 

WOCl4, which is easily synthesized from WCl6, has also been used by Neilson et. al. to synthesize 

mono-phenoxide complexes which were found to be variably unstable.8 When attempting to suppress the 

formation of the bisphenoxide complexes, they used an extreme excess of WOCl4 starting material and 

formed the mono-phenoxide complex as a chloro-bridged dimer which seemed to be fairly unreactive. 

They explained this lack of reactivity to be due to the ability of the phenoxide ligands to rapidly rotate 

around the O-C bond. This ability was hindered when the carbon substituents in the 2,6 positions of the 

aryloxide ligand increased in size. Ortho substituents play a large role in manipulating structure and 

reactivity of metal phenolates by implementing steric control of the complex.9 Bell showed the stepwise 

synthesis of tungsten aryloxide complexes of the formula WOCl4-x(OAr)x starting with WOCl4 and two 

molecular equivalents of the protonated phenol to give WOCl2(OAr)2.10 Subsequent ligand substitutions 

were carried out using the lithium salt of the parent phenols which ensured the substitution of the 

chloride ligands to give WO(OAr)4 as the final product.  

Synthesis of complexes of the formula M(O)(Oar)4 was attempted using the starting materials 

WOCl4 and WO(OtBu)4 where WO(OtBu)4 was synthesized according to the literature.11 Formation of a    

4-coordinate aryloxide complex using the DADPOH ligand was unsuccessful using both tungsten starting 

materials.  

Since bulky substituted aryloxide groups improve stability of the corresponding metal complexes, 

we proposed coordinating two equivalents of the large aryloxide ligands in Table 5.1 to a tungsten dioxo 

center to access W(VI) dioxo complexes with the potential to be active towards deoxygenation reactions. 
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We have synthesized both the 2,6-bis(diphenylmethyl)-4-methyl- and 2,6-di-adamantylaryloxide ligands 

[DBMPOH and DADPOH] (Table 5.1). 

Table 5.1: Aryloxide ligands DBMPOH and DADPOH with the corresponding metal oxo complexes 

 

 The (VI) dioxo diarylphenoxide complexes were synthesized by lithiation of the aryloxide ligands 

with n-butyl lithium and reacting with the metal starting materials MO2Cl2(DME). These starting materials 

were chosen due to the labile nature of the dme ligand. As proven in the literature, the DME ligand in the 

Entry  

1  

2  

3 M= Mo, W 

4 M= Mo, W 
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complex WO2Cl2(DME) is completely substituted in THF.12 This improves the unreactive nature of non-

complexed WO2Cl2 and allows for easier ligand substitution. We then combined the lithium salt of the 

aryloxide ligand with both the starting material WO2Cl2(DME) and MoO2Cl2(DME) in tetrahydrofuran (THF) 

at 0°C. The solutions were heated at 55°C for 48 hours. The resulting MoO2(2,6-di-adamanty-5-

methyllaryloxide) complex was most easily synthesized as it precipitates from THF as a bright yellow solid 

that can be collected via filtration from the solute. The tungsten analog of this same complex precipitates 

from THF as a blue-green solid. The 2,6-bis(diphenylmethyl)-4-methyl-phenoxy complexes are more 

difficult to isolate as they do not precipitate out of solution so separating them from unreacted or 

protonated ligand starting material has proven difficult. They form red or orange solutions that can be 

pumped down then triturated with pentane to precipitate a solid that is a mixture of starting materials 

and product. 

Due to the basicity of the aryloxide ligands, the metal-oxo complexes are not stable in the 

presence of catalytic amounts of water. The labile nature of the aryloxide ligands also makes these 

complexes not suitable for their use in deoxygenation reactions. These issues, as well as the difficulty to 

isolate the tungsten adducts led us to consider other routes to group VI dioxo complexes. 
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Experimental Procedure 

Synthesis of WOCl4 

 2.08g WCl6 (1 mol) was suspended in 20 mL DCM in a 100 mL round bottom flask. 1.1mL 

Hexamethyldisiloxane (HMDSO) added dropwise over a period of 30 minutes. Reaction mixture was 

stirred 2 hours to give bright orange precipitate WOCl4  

Synthesis of WO2Cl213 

 To a solution of 5.0676 g WCL6 in 45 mL Tol, 5.36 mL (mmol) HMDSO was added dropwise over 

30 minutes. The reaction mixture was stirred 1 hour then brought to reflux overnight. The resulting grey 

solid was collected via filtration to give WO2Cl2 3.235 g 88%. 

Synthesis of WO2Cl2(DME) 

 249.8 mg ( mol) WO2Cl2 in 30 mL DME was heated to 85°C overnight. The solution was dried to 

give a silvery solid that is the product WO2Cl2(DME) 263.5 mg 80%. 

Synthesis of MoO2Cl2(DME) 

 404.1 mg MoO2Cl2 in 15 mL DME was heated at 85°C overnight. The entire solution was dried to 

give the product MoO2Cl2(DME) 435.1 mg 74%. 

Synthesis of 2,6-Ad2-4-Me-C6H2OH (DADPOH)14 

 To a solution of 1 mol p-cresol (2.0102 g) and 2 mol 1-adamantanol (5.921 g) in DCM (35 mL), 

concentrated H2SO4 (2.3 mL) was added dropwise and the mixture was stirred at room temperature for 

1 hour. Water was added and the solution was then neutralized with 2M NaOH. The solution was 

extracted three times with 70 mL portions of DCM and the organic phase was dried over Na2SO4. The 

solvent was removed by rotoevaporation and the residue was rinsed with hot methanol to give a white 
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solid which was collected by filtration and rinsed with methanol which was the product DADPOH 2.614 g 

37%.  

Synthesis of 2,6-bis(diphenylmethyl)-4-methyl- (DBMPOH) 15 

 5.0842 g diphenylmethanol and 1.4558 g para-cresol were melted at 140°C. 954.3 mg ZnCl was 

dissolved in 0.25mL HCl and added dropwise to the stirring melt to produce a yellow oil. The reaction 

mixture was heated for 2.5 hours to become a brown solid. The solid was dissolved in DCM and washed 

with water once and a solution of NaCl twice to produce a red solution. Cold methanol was added and 

the precipitated solid collected via filtration to give 45% yield DMBPOH. 

Synthesis of DADPO-Li+ 

 To a solution of 434.5 mg DADPOH (1 mol) in 20 mL THF cooled in a cold well chilled with liquid 

nitrogen, 0.9 mL (1.2 mol) nBuLi was added dropwise slowly. The reaction mixture was stirred 2 hours. 

The solution was pumped to dryness then triturated with pentane to produce a white solid. The solid 

was collected via filtration and washed with pentane to yield the product DADPO-Li+  402.0 mg 91%. 

Synthesis of DBMPO-Li+ 

 To a solution of 539.2 mg (1 mol) DBMPOH in 15 mL Et2O chilled in a cold well cooled with liquid 

nitrogen, 0.6 mL (1.2 mol) nBuLi was added dropwise slowly. The reaction mixture was stirred for 2 

hours and the solid precipitate collected via filtration with ether to give DBMPO-Li+ 470.3 mg, 88%. 

Synthesis of WO2(DBMPO)2
 

 A solution of 50.7 mg freshly made WO2Cl2(DME) (1 mol) in 5 mL was THF chilled to -35°C. A 

solution of 110.5 mg (2 mol) DBMPO-Li+ in 10 mL THF chilled to -35°C. The DBMPOH solution was added 

to the WO2Cl2(DME) solution dropwise while stirring. The reaction mixture was brought to room 
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temperature and stirred overnight. The clear orange solution was pumped down then triturated with 

pentane to yield a dark orange solid collected via filtration. WO2(DBMPO)2 59.6 mg 40%. 

Synthesis of MoO2(DBMPO)2 

 A solution of 49.1 mg (1 mol) freshly synthesized MoO2Cl2(DME) in 5 mL THF was chilled to -

35°C. A solution of 151.8 mg (2 mol) DBMPO-Li+ in 10 mL THF was chilled to -35°C. The DBMPOH solution 

was added to the MoO2Cl2(DME)solution dropwise while stirring. The reaction mixture was brought to 

room temperature then heated at 55°C overnight. The bright red orange solutionwas  pumped to 

dryness then triturated with pentane to give a red orange solid which was collected via filtration. 

MoO2(DBMPO)2 90.7 mg 53%. 

Synthesis of WO2(DADPO)2 

 A solution of 63.5 mg (1 mol) freshly made WO2Cl2(DME) in 10 mL THF was cooled to -35°C. A 

solution of 129.4 mg (2 mol) DADPO-Li+ in 10 mL THF was chilled to -35°C. The DADPOH solution added 

to the WO2Cl2(DME) solution dropwise while stirring. The solution came to room temp then was heated 

at 55°C for 48 hours. The reaction mixture was cooled to room temperature and a dark blue solid was 

collected via filtration to give WO2(DADPOH)2 60.5 mg 37% 

Synthesis of MoO2(DADPO)2 

A solution of 107.3 mg freshly made MoO2Cl2(DME) (1 mol) in 15 mL THF was chilled to chilled to 

-35°C . A solution of 240.1 mg (2 mol) DADPO-Li+ in 15 mL THF was chilled to -35°C. The DADPOH 

solution was added to the MoO2Cl2(DME) solution dropwise while stirring. The solution came to room 

temp then was heated at 55°C for 48 hours. The red solution with bright mustard yellow precipitate was 

cooled to room temperature and the solid yellow product was collected via filtration. 142.0 mg 44%.  
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Appendix 

I. NMR Characterization 

 

Figure 5.1: 1H NMR of the ligand DBMPOH in C6D6 400 MHz 
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Figure 5.2: 1H NMR of the ligand DADPOH in C6D6 400 MHz.       denotes adamantanol protons,  

Denotes THF. 
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Figure 5.3: 1H NMR of the deprotonated ligand DBMPO- Li+ in C6D6 400 MHz 
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Figure 5.4: 1H NMR of the deprotonated ligand DADPO- Li+ in C6D6 400 MHz.        denotes adamantol 
protons. 
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Figure 5.5: 1H NMR of WO2Cl2(DME) in CD2Cl2 400 MHz. Chemical shifts of free, unbound DME: δ3.34, 
δ3.49   
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Figure 5.6: 1H NMR of MoO2Cl2(DME) in CD2Cl2 400 MHz. Chemical shifts of free, unbound DME: δ3.34, 
δ3.49.   
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Figure 5.7: 1H NMR of WO2(DBMPO)2 in C6D6 400 MHz.       denotes unreacted DBMPOH ligand, 

      denotes THF.                 
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Figure 5.8: 1H NMR of MoO2(DBMPO)2 in C6D6 400 MHz.        denotes THF.                 
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Figure 5.9: 1H NMR of MoO2(DADPO)2 in C6D6 400 MHz.       denotes adamantanol protons.                 
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Figure 5.10: 1H NMR of WO2(DADPO)2 in C6D6 400 MHz.       denotes adamantanol protons.                 
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Chapter 6 

Insights on the Mechanism of the Deoxydehydration Reaction 

This chapter was adapted from the published article: 

DeNike, K. A.; Kilyanek, S. M. Deoxydehydration of Vicinal Diols by Homogeneous Catalysts: A 

Mechanistic Overview. Royal Society Open Science 6 (11), 191165. https://doi.org/10.1098/rsos.191165.  

 

Due to the long-term implications for the climate of continuing to consume non-renewable 

carbon resources, such as oil, the decarbonization of the economy has become the topic of significant 

public and scientific concern.1  As a result, the development of processes to produce valuable carbon-

based commodity chemicals from renewable carbon feedstocks has become an important field of 

study.2   Currently, high-temperature steam reforming and cracking produces alkene and diene 

commodity chemicals from petroleum.3  Fortunately, renewable biomass-derived materials may serve as 

a sustainable alternative to produce these carbon-based commodity chemicals currently produced from 

petrochemical refinement.4  One significant challenge for upconverting biomass into commodity 

chemicals is the relatively large number of oxygen functionalities present in biomass-derived material.5   

Development of reactions to combat this challenge and upconvert biomass-derived material has been of 

great interest in recent years.6    

One route to biomass up-conversion is the generation of polyols from cellulose. Cellulose may 

undergo hydrolysis to produce polyols and carbohydrates such as sorbitol and mannitol (Figure 6.1).7   

Additionally, products such as erythritol can be produced by the decarbonylation of pentoses or by the 

fermentation of glucose.8    
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Figure 6.1: Hydrolysis of cellulose to form sorbitol. 

The search for an efficient way to convert renewable carbohydrate feedstocks to materials and 

fuels has inspired research towards developing catalysts that can dehydrate these oxygen rich 

substrates. Here we will focus specifically on the development of and advances in the deoxydehydration 

(DODH) of polyols to generate alkenes and dienes.9  

The generic reaction scheme for DODH is shown in Figure 2. DODH is typically catalyzed by a 

metal-oxo catalyst coupled with a sacrificial reductant.  DODH converts vicinal diol functionalities into 

alkenes while also producing water and consuming / oxidizing a sacrificial reductant.   

 

Figure 6.2: Deoxydehydration converts vicinal diols and a sacrificial reductant to alkene, water, and 
oxidized reductant. 

DODH can be thought of as the reverse reaction of the dihydroxylation of alkenes by metal 

oxides such as OsO4.10 Alternatively, DODH can be viewed as an overall dehydration combined with a 

net oxygen-atom abstraction. DODH is of particular interest because a single olefinic product can be 

obtained by combining dehydration and deoxygenation into a single catalytic cycle. In contrast, the 

dehydration of polyols often produces complex product mixtures.11   

A general mechanism for the DODH of vicinal diols by metal dioxo fragments is summarized in 

Figure 6.3. DODH begins with the condensation of the diol with a metal-oxo bond, releasing water. The 

metal-oxo-diolate is then reduced via a sacrificial reductant, resulting in formation of a reduced metal-
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diolate, and the oxidized reductant. Finally, olefin extrusion, the likely rate-limiting step,12 produces 

alkene and regenerates the metal-oxo catalyst.  

 

Figure 6.3. Generic reaction mechanism for DODH. 

Table 6.1 Provides a non-exhaustive survey of metal oxo catalysts used in homogeneous DODH 

reactions. Two common features of these catalysts are: pre-catalysts are d0 metal centers and pre-

catalysts contain cis-dioxo-metal moieties. As shown in Table 6.1, a limited number of ligand 

environments have been surveyed to date.  

In this review, we will discuss the differing mechanistic pathways for homogeneously catalyzed 

deoxydehydration and how these differences influence reactivity and product distribution. We have 

generally categorized the various mechanistic pathways by the mechanism of reduction: 1) oxo-

abstraction by phosphines, sulfites and elemental reductants, 2) transfer hydrogenation from sacrificial 

alcohols and other substrates, and 3) reduction of metal by the oxidative cleavage of diol substrates. 

Additionally, we have grouped DODH catalyst systems by transition metal within each category. Finally, 

we will discuss cases where multiple mechanistic pathways are apparently active. 

 

 

Table 6.1: Current DODH Catalysts 
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Reduction Mechanism: Oxo abstraction  

The first reports of DODH in the literature exploited oxygen-atom abstraction to generate a 

reduced metal species. Oxo-abstraction by a variety of reductants, including phosphines, sulfites and 

elemental reductants such as Zn, are all found in the literature. DODH systems exploiting oxo-

abstraction have been found to be robust and show good catalytic performance.   

Among the most studied DODH catalyst systems are Re catalysts coupled with phosphine 

reductants. DODH was first reported by Cook and Andrews in 1996.12 Using Cp*ReO¬3 and aryl 

phosphines as reductants, they demonstrated catalytic activity at elevated temperatures and produced 

alkenes in good yield. They proposed a mechanism consistent with initial oxo abstraction and reduction 

of the Re(VII) trioxo catalyst by a phosphine followed by condensation of the diol with a M=O bond of 
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the Re(V) species (Figure 6.4, right-hand path). The resulting metal diolate is then thought to undergo 

olefin extrusion to release olefin and regenerate the Re(VII) catalyst. Additionally, Cook and Andrews 

postulated that further reduction to Re(III) leads to catalyst deactivation. The order of the individual 

steps in the reaction is a topic of debate; reduction can occur either before or after diolate 

condensation, and the order may be affected by the identity of the reductant or substrate.13    

 

Figure 6.4: Possible DODH reaction mechanisms of RReO3 exploiting reduction by oxo-
abstraction. 

Figure 6.4 summarizes the two possible reaction pathways discussed above. Each pathway 

contains a Re(VII)/Re(V) redox cycle. Olefin extrusion is proposed to be the rate limiting step in both 

pathways.14 Gable and co-workers studied olefin extrusion from rhenium diolates extensively. Re 

diolates analogous to those proposed to exist in the catalytic cycle of DODH were found to undergo 

cycloreversion through methylene migration to form a Re(VII) metallaoxetane intermediate (Figure 6.5). 

This cycloreversion to form metallaoxetane appears to occur instead of a concerted cycloreversion step 

to directly release alkene. These studies implied that diolate substituents that form staggered 

conformations form olefins at faster rates.  These findings explain the apparent preference for forming 

internal E-alkenes via DODH. 
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Figure 6.5: Proposed mechanism for olefin extrusion 

The proposed reaction steps for DODH were not unprecedented, Herrmann et al. had previously 

demonstrated oxo-abstraction of Cp*ReO3 by phosphines to form the oxo-bridged dimeric rhenium 

species (Cp*)2Re2O4.15 Condensation between methyltrioxorheynium (MTO) and catechols had also been 

previously demonstrated.16 Finally, Gable and coworkers had independently synthesized reduced 

Cp*ReO(diolate) species and found that upon heating, the diolate undergoes cycloreversion to form 

alkene and Cp*ReO3, successfully demonstrating the final step of the DODH reaction several years 

before the report of the catalytic reaction.17 Phosphines continue to be investigated as reductants in 

DODH reactions catalyzed by Re compounds. Phosphine driven Re catalyzed DODH remains an active 

area of research with an ever expanded substrate scope that includes 1,2-octanediol,18 19 20 1,2,5,6-

diisopropylidene-D-mannitol12, glycerol12, 1,2-butanediol12, and 1-phenyl-1,2-ethanediol12. 

Although phosphines were found to be very effective at DODH catalyst turnover, other, less 

costly reductants were of interest. Molybdenum enzymes were known to be oxidized by simple sulfites, 

suggesting that sulfites might be used as an oxo-acceptor to promote DODOH reactions.21 Indeed, sulfite 

reduction of Re-oxo catalysts was shown by Nicholas et. al. to promote DODH catalyst turnover. 

Interestingly, sulfites were found to prefer to react with syn diols and form alkenes; anti diols were 

found to give poor yields.27,28 The DODH of a wide variety of diols driven by sulfite oxidation has been 

demonstrated using several rhenium catalysts with yields up to 89%. Computational studies suggest that 

sulfite-driven DODH proceeds first by oxo-abstraction followed by condensation to the diolate and olefin 

extrusion.22 This mechanistic study also suggested that when MTO is the catalyst, weakly coordinating 
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oxidized sulfate byproducts offer a more active catalytic system than strongly coordinating reductants 

such as phosphines. It was proposed that strong coordination of reductants and their byproducts to the 

metal center raises the activation energy for olefin extrusion.22 

Elemental reductants such as metallic Zn and Fe have been found to be competent oxo-

abstracting agents. Nicholas showed zinc, carbon, iron and manganese act as elemental reductants for 

the DODH of polyols using ammonium perrhenate (APR) affording upwards of 90 percent yield for a 

variety of substrates.23 These reductants were screened with simple Re compounds, including the 

chloride and hexafluorophosphate salts of trans-[ReO2(Py)4]+, which produced 1-decene from 1,2-

decanediol in 90 and 67 percent yields, respectively.  

To date, catalysts with relatively simple structures have been used as catalysts. For example, 

APR and other simple rhenium compounds such as Re2O7,24 18 NaReO4 and [NBu4][ReO4] have been 

shown to catalyze DODH using a variety of reductants and a plethora of diols. 25 26 Finally, MTO and 

Cp*ReO3 remain the most widely used DODH catalysts today often coupled with oxo-abstracting 

reagents. A growing number of substrates, including tartaric acid,26 1,2-octanediol,27 28 1-phenyl-1,2-

ethanediol,27 28 1,2-cyclohexanediol,27 1,2-decanediol,28 and 1,2-tetradecanediol 28 can be converted to 

alkenes in good to excellent yields. 

Mo(VI) / Mo(IV) catalytic cycles incorporating the breaking and making of Mo=O bonds have 

been found in a number of metalloenzymes.29 Oxo-abstraction of Mo-oxo species by phosphines has 

been shown to proceed via a nucleophilic attack and disassociation mechanism where the association of 

the phosphine to the metal-oxo is the rate-limiting step. This step was found to be sensitive to the 

sterics of the phosphine and has a linear correlation to phosphine cone angle.30 These known catalytic 

cycles and reactions make Mo an enticing platform for DODH. 

Table 6.1 (vide supra) includes a survey of Mo systems shown to perform DODH. All the catalysts 

shown can achieve catalysis using a variety of reduction pathways including oxo-abstraction.  The first 
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reported DODH of vicinal diols using a molybdenum was published by Hills and Galindo in 2013.31 

Acylpyrazolonate-dioxomolybdenum(VI) Mo(O)2(QR)2 complexes (Table 6.1)  were found to deoxygenate 

epoxides catalytically using PPh3 as reductant. Additionally, these complexes performed DODH of 1-

phenyl-1,2-ethanediol and cyclooctanediol in modest yields (13%, 55%) in toluene at 110°C using PPh3 as 

oxo-acceptor.  

Navarro has demonstrated that commercially available ammonium heptamolybdate (AHM) is a 

competent DODH catalyst using a variety of reductants including Na2SO3 and PPh3.32 AHM is a 

competent catalyst in toluene at 170-190°C and affords modest alkene yields (23%) for most substrates.  

The influence of supporting ligands on molybdenum catalyzed DODH has been of recent 

interest.33 2,2,6,6-Tetramethylheptanedionate (TMHDH) was used to generate a complex mixture of 

active catalysts in-situ. When using a more sterically demanding catalyst environment compared to 

MoO2(acac)2, the TMHDH complex was found to afford a higher alkene yield of 93% for 1-hexene 

produced from 1,2-hexandiol using PPh3 as reductant. It is postulated that steric and electronic ligand 

effects influence the product distribution produced by these catalyst mixtures. Electron-withdrawing 

ligands, such as 1,1,1,5,5,5-hexaflouroacetylacetonate (HFAA) and 1,1,1-triflouroacetylacetonate (TFAA), 

decrease the basicity of the ligands and thus appear to quench the oxophilicity of molybdenum and 

hinder olefin extrusion. Stalpaert et al. suggests electron-donating ligands help lower the barrier to 

olefin extrusion; they state that by increasing the electron density at the metal center they expect the 

electron transfer from Mo to diolate to be faster overall. Finally, they propose that Mo catalysts with 

sterically bulky ligands such as TMHDH and dibenzoylmethane (DBMH) should disfavor dimerization and 

oligomerizion under catalytic conditions, thereby preventing catalyst deactivation. These in situ-

generated catalysts were also found to be competent catalysts using a variety of other oxo-acceptor 

reagents including Na2SO3 and CO. 
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In 2013, Nicholas and coworkers demonstrated the first example of vanadium-catalyzed DODH 

using oxo-abstracting reductants.34 1-Phenyl-1,2-ethanediol was converted to styrene in 95% yield using 

tetrabutylammonium dioxovanadium(V)-dipicolinate, ([NBu4][VO2(dipic)]), with PPh3 as reductant.  

Furthermore, Na2SO3 was found to be a superior reductant, affording shorter reaction times with 

comparable (87%) yield. The proposed mechanism is analogous to that for the previously studied Re 

systems shown in Scheme 6.3 but incorporates a V(V)/V(III) redox cycle. Additionally, Nicholas et al. 

demonstrated that CO was a competent oxo-abstraction reagent that affords alkene yields of up to 

97%.35  

Debate over which pathway the reaction follows has led to investigations of the mechanism 

using density functional theory (DFT).36 DFT calculations suggests that the vanadium-dioxo catalyst 

undergoes oxo-abstraction followed by condensation of the diol forming the reduced metal diolate 

species.36 The barrier to diol condensation with V(V)-dioxo species was found to be higher in energy 

(39.8 kcal·mol-1) than condensation with a V(III)-mono oxo center (13.4 kcal·mol-1). DFT studies 

proposed a high spin V(III)-diolate species as the critical intermediate that affords olefin extrusion.    

 

Figure 6.6: DODH applied in a multi-step organic synthesis sequence. 

Geary et. al. used Nicholas’ V-catalyzed sulfite-driven DODH in a multi-step synthetic scheme.37    

Ruthenium-catalyzed diol–diene [4+2] cycloaddition was combined with vanadium-catalyzed DODH and 

aerobic dehydrogenative aromatization to yield acenes (Scheme 6.6). [NBu4][VO2(dipic)] with Na2SO3 

was also found to transform tetraols into tetraenes at up to 87% yield by sequential DODH at 180°C. 

These applications demonstrate that V-catalyzed DODH can be used with a variety of substrates and can 

generate internal alkenes as well as the terminal alkenes typically formed in DODH studies.  
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Table 6.2. Summary of DODH reactions using oxo-abstraction reagents. 

Catalyst  Reductant Temp  
(°C) Substrate  Product Yeild 

(olefin) 
Ref 

MTO PPh3 165 

1,2,6-HT 

 

 
 
4-Penten-1-ol 

96% 24 

CpttReO3 PPh3 135 

1,2-octanediol 1-octene 

93% 20 

Re2O7 PPh3 165 1,2,6-HT 4-Penten-1-ol 77% 24 

[n-Bu4N][ReO4] P(o-tolyl)3 150 

1-phenyl-1,2-ethanediol 

 

styrene 

70% 28 

[n-Bu4N][ReO4] Na2SO3 150 

1,2-decanediol 1-decene 

89% 28 

[(Py)4ReO2]Cl Zn 150 1,2-decanediol 1-decene   90% 23 

MoO2(acac)2 + 
TMDH 

PPh3 200 

1,2-hexanediol 1-exene 

93%, 33 

MoO2(Qhe)2 PPh3 110 1-phenyl-1,2-ethanediol styrene 86% 31 

[NBu4][(dipic)VO2] PPh3 170 1-phenyl-1,2-ethanediol styrene 95%  34 

[NBu4][(dipic)VO2] PPh3 170 1,2-octanediol 1-octene 97%  34 

[NBu4][(dipic)VO2] Na2SO3 170 1-phenyl-1,2-ethanediol styrene 87%  34 

[NBu4][VO2 
(salicylaldehyde 
hydrazide)] 

CO 180 1,2-hexandiol 1-hexene 48% 35 

 

Table 6.2 summarizes the catalyst systems with the highest yields using oxo-abstraction 

reagents. These results show that oxo-abstraction reagents are effective in driving catalyst turnover for 

DODH and afford high olefin yields at relatively mild reaction temperatures.  

 

 

 

Reduction Mechanism: Transfer hydrogenation 
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Transfer-hydrogenation mechanisms for metal-oxo reduction have been used in DODH reactions 

with excellent results. Alcohols have been found to successfully reduce metal-oxo catalysts for DODH by 

an effective two-proton two-electron reduction of the metal oxo-bond to generate water. Typically, 

secondary alcohols are used as sacrificial reductants in DODH reactions giving ketones as a reaction 

byproduct. One advantage of using secondary alcohols as reductants is they are cheaper and more easily 

recycled than reductants such as phosphines and sulfites.38 A generic scheme for metal-oxo reduction by 

transfer hydrogenation from a secondary alcohol is shown in Figure 6.7. 

 

  

Figure 6.7: Generic mechanism for transfer hydrogenation from a secondary alcohol to a metal-dioxo 
fragment. 

Ellman and Bergman investigated the didehydroxylation of vicinal diols to alkenes using 

Re2(CO)10 and a secondary alcohol as a reductant.39 This was the first reported DODH of diols using a 

secondary sacrificial alcohol as a reductant.  They initially found that without a secondary alcohol as a 

sacrificial reductant, the diol substrate was converted to an alkene and the corresponding diketone 

product formed from transfer hydrogenation from the diol. To prevent consumption of substrate, a 

secondary alcohol was added as a sacrificial reductant. Re2(CO)10 was found to be an effective catalyst 

for DODH of 1,2-tetradecanediol using a variety of reductants, including 5-nonanol, 3-octanol, and 2-

octanol. Alkene was obtained in up to 84% yield. With the addition of para-toluenesulfonic acid (TsOH), 

conversion reached 100%. Initial screening of the biomass-derived substrate erythritol showed 

cyclization and deoxydehydration to 2,5-dihydrofuran in 62% yield.  

Shiramizu and Toste postulated that the active rhenium species during Ellman and Bergman’s 

DODH reactions is an oxidized species since Re2(CO)10 only converts diol to olefin in the presence of air.40   

Using MTO, Toste and coworkers found that large, biomass-derived sugar alcohols could be converted 
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to alkenes and dienes using simple secondary alcohols as sacrificial reductants. A number of alcohols can 

afford catalyst turn over in DODH systems, including 1-butanol (a biomass-derived alcohol) and 3-

octanol, which produced better results. MTO and 3-octanol successfully converted glycerol to allyl 

alcohol in 90% yield. Additionally, erythritol was converted to the industrially important 1,3-butadiene in 

89% yield with 11% yield of 2,5-dihydrofuran also observed. DL-threitol also could be reduced to 1,3-

butadiene in 81% yield while producing 1,4-anhydroethreitol (Figure 6.8.) 

          

Figure 6.8: MTO-catalyzed DODH of C4 tetraols yielding 1,4-butadiene. 

These results imply that cis-diols undergo DODH faster than trans-diols since DL-threitol 

produced 1,4-anhydroethreitol and not 2,5-dihydrofuran. A screen of substrate scope finds that a 

number of biomass-derived polyols such as xylitol, D-arabinitol, ribitol, D-sorbitol, D-mannitol and a 

variety of inositols can undergo reduction using secondary alcohols and MTO. Other notable reactions 

include the conversion of myo-inositol to benzene and the conversion of tetroses and hexoses to furans 

in moderate yield.40 
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Figure 6.9: Rhenium(III)/rhenium(V) diolate dimerization equilibrium generating a half-order 
dependence of Re in the rate law for DODH reduced by secondary alcohols. 

Shiramizu and Toste expanded on these findings and showed successful DODH of other relevant 

biomass-derived polyols including mucic acid, mucic acid dibutyl ester, gluconic acid, L-(+)-tartaric acid, 

erythritol, D-erythronolactone and D-(+)-ribono-1,4-lactone into useful commodity chemicals including 

plasticizer precursors.41  

Ison, Abu-Omar and coworkers investigated the mechanism of DODH using secondary alcohols 

as reductants for MTO and found many bridging diolate intermediates.42 The rate of reaction was found 

to be zeroth order in substrate, and half order in Re. The active species was found to be the reduced 

MDO species instead of MTO. MDO can undergo condensation to form a Re(V) diolate, which is reduced 

to a Re(III) diolate that undergoes olefin extrusion. Upon reduction to the Re(III) diolate, an oxo-bridged 
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dimeric Re(IV) diolate species forms; this is likely the source of the half-order dependence on Re. Dimer 

formation leads to decreased catalytic activity because the reaction rate depends on scission of the 

dimer before olefin extrusion. A simplified mechanism showing only the critical species and equilibrium 

is shown in Figure 6.9. 

Abu-Omar et. al. investigated the transfer hydrogenation of glycerol to afford the DODH 

product, allyl alcohol, and other side products.43 MTO and [NH4][ReO4] were both found to catalyze the 

conversion of glycerol into allyl alcohol and products from transfer hydrogenation and dehydration 

including propanal, dihydroxyacetone, and acrolein. In these reactions, glycerol is both the solvent and 

substrate, simplifying the separation of volatile products. The total conversion of the reaction was found 

to be 74% with allyl alcohol as the major product. The mechanism of glycerol reduction is shown in 

Figure 6.10. Olefin extrusion is the rate-limiting step in the DODH reaction, so hydride transfer to the 

rhenium diolate from a second equivalent of glycerol forms MTO and either 1,3-propandiol or 1,2-

propanediol, which can produce propanal and acrolein by metal-catalyzed deoxygenation or 

dehydration.44  
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Figure 6.10: Side product formation during the DODH of glycerol by MTO.43 Primary DODH cycle is 
shown in blue; minor pathways to produce side products are shown in red. Propanol and acrolein were 
proposed to form by metal-catalyzed deoxygenation / dehydration.44 

Notably, when sacrificial reducing alcohols are used as solvents, glycerol still competes with the 

alcohol as a transfer-hydrogenation agent, forming acrolein or propanal.  This was true for a number of 

sacrificial alcohols including: 3-octanol, 1-heptanol, 1-cyclohexanol, 1,3-propanediol or 1,2-propandiol. 

Use of a sacrificial alcohol solvent improved the overall yield of allyl alcohol to by-products; however, 

glycerol is still a competent reductant in the presence of added primary alcohols. Alkene formation from 

the sacrificial alcohol solvent also occurred and is a result of the known rhenium-catalyzed dehydration 

of alcohols to olefins under the catalytic conditions used.45 46     

Nicholas and co-workers used a primary alcohol as reductant to allow for easier separation of 

the corresponding aldehydes produced by transfer hydrogenation.47 Benzyl alcohol and ammonium 

perrhenate was found to catalyze the DODH of a variety of polyols at 140-175°C in excellent yield (up to 

95%). Convenient separation of catalyst was achieved by filtration followed by precipitation of 

benzaldehyde with bisulfate. 

Abu-Omar et al. found that reaction of MTO and H2 catalyzed the deoxygenation of epoxides 

and the DODH of diols.48 Using MTO, a number of diols could be deoxygenated to alkenes, which are 



157 
 

then hydrogenated to alkanes under catalytic conditions (80-300 psi at 150°C) in some cases. This diol-

to-alkene reaction was applied to the biomass-derived diol anhydroerythritol to afford dihydrofuran in 

25% yield. Abu-Omar et al propose a mechanism in which condensation of the diol onto the reduced 

MDO forms the rhenium mono-oxo diolate and is followed by metallaoxetane formation and olefin 

extrusion in an analogous fashion to the process in Figure 6.10.  

Rhenium-catalyzed DODH using alcohols as reductants remains a topic of significant interest and 

to date has been demonstrated with a variety of substrates not described in detail here.49-52 Finally, 

hydroaromatics and indolines have been demonstrated to be competent transfer-hydrogenation agents 

that can drive DODH with MTO in excellent yields (>90%) for a variety of substrates.53 54 

Transfer hydrogenation catalyzed by molybdenum complexes has been studied for decades.55-57      

With this precedent, Beckerle et al. used Mo-dioxo-bis(phenolate) ligands to catalyze the DODH of diols 

using 3-octanol as the reductant.58 Anhydroerythritol was converted to 2,5-dihydrofuran in 37-57% 

yield. In the presence of acid, a variety of side products are produced, including 3-octene produced by 

the dehydration of 3-octanol at high temperatures. However, the reaction temperature can be 

decreased when microwave radiation is used to enhance the reaction rate. 

Fristrup et al. demonstrated that isopropyl alcohol could be used as a sacrificial reductant to 

perform DODH of 1,2-decandiol.59 Reduction of diols generally formed alkenes in ~50% yield at 5 mol% 

catalyst. Alkene yields were found to rise to 70-77% when bases such as NBu4OH were added to the 

reaction mixture. In this study, a variety of diols were screened for DODH activity and found to have 

similar alkene yields. Cyclic diols however were found to have appreciably lower yields (~20%) using 

these simple catalysts.   

 Fristrup et al. also investigated the DODH of glycerol as both substrate and reductant using 

simple vanadium salts, such as ammonium vanadate (NH4VO3) as catalysts. Allyl alcohol was found in 
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modest yields of ~20% and a variety of side products are also formed by alcohol dehydration reactions 

occurring under catalytic conditions. Nicholas and co-workers were able to achieve ~50% yield of alkene 

using benzyl alcohol with a variety of vanadium coordination compounds.35 Additionally, Nicholas found 

that hydrogen could serve as a competent reductant, producing alkenes in yields as high as ~40%.35 

Table 6.3 summarizes the catalyst systems with the highest yields using secondary alcohols and 

other transfer hydrogenation agents. Yields of DODH reactions driven by transfer hydrogenation vary 

from poor to excellent. Once again, Re systems show excellent performance. 

Table 6.3: Summary of DODH reactions using transfer hydrogenation reagents 

Catalyst  Reductant Temp  
(°C) 

Substrate  Product Yeild 
(olefin) 

Ref 

APR  3-octanol 150 1,2-
Tetradecanediol 1-tetradecene 99% 52 

MTO 3-octanol 140 
(R,R)-(+)-
hydrobenzoin trans-stilbene 80%  42 

MTO 
3-
pentanol 

170 anhydroerythritol 2,5-dihydrofuran  95% 40 

MTO 3-
pentanol 170 C6 sugar acohols (E)-hexatriene  54% 40 

Re2(CO)10 3-octanol 170 anhydroerythritol 2,5-dihydrofuran  91%  40 

MTO 
H2, 1,3-
propandiol 140 glycerol Allyl alcohol 91% 67 

AHM iPrOH 240-250 1,2-decanediol 1-decene 55% 59 

AHM + [NBu4][OH] iPrOH 240-250 1,2-hexandiol 1-hexene 77% 59 

MoO2Cl2(bipy) iPrOH 240-250 1,2-decanediol 1-decene 46% 59 

Bis(phenolato)MoO2 3-octanol 200 anhydroerythritol 2,5-dihydrofuran 49% 58 

[NBu4][VO2 
(salicylaldehyde 
hydrazide)] 

Benzyl 
alcohol 180 1,2-hexandiol 1-hexene 48% 35 

[NBu4][VO2 
(salicylaldehyde 
hydrazide)] 

H2 180 1,2-hexandiol 1-hexene 33% 35 

 

Reduction Mechanism: Oxidative cleavage of diols and multiple mechanisms 

 Although oxo-abstraction reagents are clearly effective at affording DODH catalyst turnover, 

these reagents provide poor atom economy.60 Oxidative cleavage of diols has been found to occur in 

some catalyst systems. Oxidative cleavage of substrate occurs when a metal-oxo-diolate undergoes C-C 
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bond cleavage to yield two equivalents of aldehyde or ketone and a reduced metal center (Figure 6.7) 

When a diol is utilized as both the substrate and reductant in DODH reactions, alkenes can be afforded 

in a maximum yield of 50% while half of the substrate is consumed to reduce the metal center and 

generate aldehydes. (Figure 6.11). 

Figure 6.11: Generic scheme for DODH facilitated by oxidative deformylation of vicinal diols. Reactants 
are shown in blue; products in red. 

Oxidative cleavage of diols allows the catalytic reaction to be performed in neat substrate thereby 

removing the need for solvent. While this has obvious advantages, it does require the separation of 

reactants and products, typically by distillation. Additionally, acetal can be produced from the 

condensation of diol with the aldehyde products, both reducing the overall alkene yield and further 

complicating the product mixture. 
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Oxidative cleavage of diols is not commonly observed for Re systems. This predilection makes Re 

catalysts ideal candidates for DODH catalyzed by transfer hydrogenation from sacrificial alcohols 

without the generation of side products (vide supra). However, aromatic diols have been shown to 

undergo oxidative cleavage reactions with ReO2(diolate) species. As mentioned previously, Abu-Omar 

and coworkers found a complex mixture of diolate intermediates when studying the mechanism of 

MTO-catalyzed DODH with secondary alcohols.61 When using (R,R)-(+)-hydrobenzoin as substrate, 

oxidative cleavage of the Re(V)-diolate species generates two equivalents of benzaldehyde and the 

catalytically active species, methyldioxorhenium (MDO). To our knowledge, this is the only case of 

oxidative cleavage of a diol in a Re-catalyzed DODH cycle. 

Figure 6.12: Oxidative deformylation of glycerol and acetal formation of diols. 

Fristrup studied DODH reactions using molybdenum catalyst systems driven by oxidative 

cleavage.62 (NH4)6Mo7O24 (AHM) was used as a catalyst with multiple aliphatic diols including glycerol at 

195-220°C. Under catalytic conditions, several acetals formed through condensation of unreacted diol 

with the aldehyde byproducts (Figure 6.12 reactions i-iii).). This scheme highlights one complication of 

oxidative cleavage of diols, these condensation reactions result in complicated product mixtures, limit 

yield, and complicate product separation.  
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When glycerol was used as substrate with AHM, allyl alcohol was produced in very low yields 

(less than 9%).62 Significant yields of side-product and the secondary reaction products glycoaldehyde 

and formaldehyde (Figure 6.9 reaction iv) were observed in the product mixture. The alkene yield 

improved upon using 1,5-pentanediol as substrate and reductant. Oxidative cleavage of vicinal diols has 

also been reported in the literature. Oxo-donors such as DMSO can be used to re-oxidize the reduced 

Mo centers by oxo transfer, implying that these reactions are reversible.63 Although DODH systems that 

exploit oxidative cleavage cannot have the same high yields as the oxo-abstraction reactions discussed 

above, the byproducts formed are sometimes useful commodity chemicals and can be separated by 

distillation, thereby producing a second value-added organic compound to the product mixture.64 

Additionally, the diol itself is the reductant because the same product distribution is found when heating 

AHM and 1,2-decanediol under N2 or H2; AHM and 1,2-decandiol  in hexane at 247°C under 22 bar N2 

afforded decene in 55% yield.59 65 

Fristrup also studied the DODH of glycerol to form allyl alcohol using simple vanadium catalysts 

and no external reductants.66 [NH4][VO3] can catalyze DODH of glycerol at significantly higher 

temperatures than previously observed with MTO (275°C and 165°C, respectively). [NH4][VO3] afforded 

a decent yield of allyl alcohol compared to MTO in the absence of external reductants (22% versus 

12%).67 68 

  While characterization and description of the DODH reduction mechanisms found in the 

literature is illuminating and provides insights into designing new catalyst systems, some of the excellent 

work described here does in fact show several competing mechanisms for catalyst reduction. For 

example, Fristrup and co-workers always observe complicated product mixtures from both the reaction 

of catalytically generated products with starting materials and the generation of aldehyde products by 

the seemingly ubiquitous oxidative cleavage of high oxidation state Mo and V diolates. Yields of 

aldehyde can surpass 20% even at temperatures approaching 200°C with sacrificial alcohol as solvent.62 
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Oxidative cleavage of diols even competes with reduction of MTO systems when using (R,R)-(+)-

hydrobenzoin.61 Additionally, glycerol was found to act as a reductant by transfer hydrogenation and by 

oxidative cleavage for V66 and Mo,59 respectively, and both metals have precedent for performing both 

reactions by being compatible with both pathways. Care must be taken when analyzing product 

mixtures to account for the possibility of several competing reduction reactions. 

Table 6.4: Summary of DODH reactions using oxidative cleavage. 

Table 6.4 summarizes the catalyst systems with the highest yields using oxidative cleavage to 

drive DODH. These results show that deformylation seems to be ubiquitous in V and Mo systems 

whereas Re does not commonly show this reactivity. 

Conclusions 

 Rhenium catalysts have been shown to be the most efficient catalysts for DODH by affording 

both fast reaction rates and excellent alkene yields. Although rhenium is a rare and expensive metal, the 

reaction conditions required for DODH using rhenium catalysts are milder than the conditions required 

for current molybdenum and vanadium catalyst systems. Rhenium systems are also not hampered by 

multiple competing reaction mechanisms; likely because of the relatively low temperatures required to 

perform catalysis. Although significant progress has been made exploring other metals and ligand 

environments, MTO is still the reigning champion in the field of DODH, affording fast catalyst turnover 

with nearly all reductants studied at relatively low temperatures.  

Catalyst  Notes 
Temp  
(°C) 

Substrate  Product Yeild (olefin) Ref 

MTO - 140 (R,R)-(+)-hydrobenzoin trans-stilbene 50 42 

MoO2Cl2(bipy)  220 1,2-hexanediol 1-hexene  19 62 

AHM 
1,5-pentandiol 
as solvent 220 1,2-hexanediol 1-hexene  45 62 

AHM 1,5-pentandiol 
as solvent 

220 glycerol Allyl alcohol 40 62 

NH4VO3  275 Glycerol allyl alcohol 22 66 

V2O5  275 Glycerol  allyl alcohol 22 66 
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Finally, it is noteworthy that there are relatively few catalyst systems in the literature. A great 

deal of exploration is needed in the chemical space of molybdenum- and vanadium-oxo catalysts, 

including manipulation of the steric and electronic environments produced by the ligands. Only a few 

catalysts have been explored, and, especially for molybdenum, their alkene yields and selectivities 

require significant improvement to reach the activity of Re, so continued work may well find superior 

systems.  Molybdenum-oxo compounds are particularly promising because a large number of complexes 

can be synthesized readily from easily accessible starting materials. Vanadium’s possibilities are also 

quite intriguing because it can adopt a number of spin states in reduced species. 
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