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ABSTRACT

In line with a growing for sustainability in chemistry, there has been much interest in the
conversion of cellulosic biomass into carbon feedstock chemicals, which are typically
obtained from non-renewable fossil sources. Given the highly oxygenated nature of
cellulosic biomass, reductive methods that transform this abundant renewable resource
into valuable carbon-containing compounds with high efficiency and selectivity are
required. This thesis describes progress toward the development of a catalytic method to
reduce biomass-derived vicinal diols through a deoxydehydration approach. Specifically,
we have attempted to reduce these diols to the corresponding olefins using transition
metal complexes of the Group VI metals Mo and W. Both stoichiometric and catalytic
chemistry related to the desired transformation is described. In a stoichiometric sense, the
synthesis and characterization of seven target Tp’Mo(V) diolates was achieved, and
attempts to convert these to Tp’Mo(IV) diolates capable of cycloreversion by oneelectron reduction are detailed. In catalytic studies, an effect of catalyst on product
distributions for the conversion of (R,R)-hydrobenzoin was observed. Utilizing a bisoxomolybdenum(VI) catalyst, an unanticipated oxidative cleavage of the 1,2-diol
substrate to two equivalents of benzaldehyde was observed. Conversely, the use of low
valent Group VI catalysts, specifically molybdenum hexacarbonyl, reductively
transforms hydrobenzoin derivatives into olefins in moderate yields in the presence of 4Å
molecular sieves. The scope of these two disparate processes is described. While
optimization and mechanistic understanding are still on-going, the results substantiate the
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hypothesis that Group VI compounds may serve as new catalysts for conversion of
carbohydrate-like polyols to useful organic products.
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Chapter 1

Reduction of Biomass: Necessity and Application

This chapter provides a broad overview of the predominate sources and
applications of carbon-based chemicals. As described, the primary current raw resource
for the vast majority of carbon-containing molecules is fossil-derived. Given the finite
nature of these fossil-based resources, there exists an inherent issue of sustainability.
Renewable plant biomass presents a potential surrogate to fossil-derived carbon
compounds, and will be described on a fundamental, molecular level.

1.1 – Traditional Methods of Obtaining Carbon Feedstock

Natural gas, coal, and crude oil are the primary global raw sources of carbonbased fuels and chemicals. With over 150 years of intensive investment,1 a vast and
mature infrastructure for the extraction, refinement, and distribution of these fossil-based
nonrenewable resources now permits their consumption on immense scale. For instance,
of the ca. 30 billion barrels (4.77 x 1015L) of crude oil consumed globally, 2 the United
States consumes ca. 18 million barrels (2.15 x 109 L) every day. 3,4
From the perspective of chemical feedstocks, the conversion of raw fossil-based
carbon resources into valuable commodity chemicals requires the efficient fractionation
of select compounds from a rich and varied mixture (Figure 1-1). Among the target
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compounds are saturated alkanes and unsaturated alkenes. Long chain alkanes,
commonly referred to as paraffin, often serve as waxes. Paraffin can be found common
items such as crayons and candles. Unsaturated compounds, including alkenes and
aromatics, are highly valuable as polymerization feedstocks and industrial solvents
respectively.

Figure 1-1: Representative compounds isolated from crude oil.

Unfortunately, there exist major problems with using fossil-based carbon
resources as a primary source of carbon feedstock chemicals. In addition to the
environmental risks of large scale extraction operations5 and combustion emissions,6 the
largest long-term problem associated with a societal dependency on fossil-based carbon
resources is an inherent lack of sustainability. Fossil-based resources have been produced
over the timespan of hundreds of millions of years and are currently being consumed at a
much greater rate. Together, these problems necessitate a substitute to fossil-based
resources for important carbon feedstock chemicals.
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1.2 – Biomass as an effective alternative to renewable carbon.

Over the last twenty years, technology has been developed to make naturally
occurring biomass a sustainable alternative to petrochemical carbon feedstock. Plantderived biomass is the largest source of renewable carbon, inexpensive, and abundant.7
Cellulose and hemicellulose, polymeric complexes composed of carbohydrate monomers,
comprise up to 90% earthly biomass, making them the most viable option for renewable
carbon feedstocks.8 For example, glucose (1.1) can be transformed to a variety of targets
for industrial processes including hexane (1.2), sorbitol (1.3), levulinic acid (1.4), and 3hydroxypropionic acid (1.5), highlighting the potential for biomass to be a renewable
carbon feedstock (Figure 1-2).
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Figure 1-2: Representative examples of glucose, a C6 carbohydrate, being reduced for a
variety of commodity chemicals.

When compared to petrochemicals, which contain an abundance of C-H bonds,
carbohydrates have an excess of C-O bonds. To be utilized in a similar fashion to fossilbased carbon compounds, these C-O bonds must be removed. The subsequent chapters
describe the state of the art in current approaches to this issue as a backdrop to the
original research that is the focus of this thesis.
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Chapter 2

Methods of Biomass Reduction
This chapter will discuss common approaches to biomass reduction. Emphasis is
placed on strategies that are scalable and exhibit high selectivity. The chosen examples
highlight challenges associated with common biomass reduction approaches, and serve to
emphasize the major directions in these evolving strategies.

2.1 – An Introduction to Biomass Reduction

With –OH units at every carbon, carbohydrates require the reductive cleavage of
C–O bonds in order to access useful hydrocarbons. The two most common approaches to
carbohydrate reduction are hydrogenolysis (2.1 to 2.5 via 2.2) and acid-catalyzed
dehydration reduction (ACD/R) (2.1 to 2.5 via 2.3 and 2.4) (Figure 2-1).
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Figure 2-1: Reduction of a C–O bond by hydrogenolysis and ACD/R where the terminal
reductant is hydrogen.

2.2 – Hydrogenolysis for Biomass Reduction

Hydrogenolysis is a reduction strategy that converts a C-X (X = C, N, O, etc.)
bond into a C-H bond using molecular hydrogen and a catalyst. 9 This approach can be
utilized for biomass reduction because of the abundance of C-O bonds in carbohydrates.
Successful hydrogenolyses typically use late transition metal catalysts and mildly basic
reaction solutions. Additionally, high reaction temperatures and high pressures of
molecular hydrogen are commonly used. Translating these conditions to large scale
reactors present significant engineering challenges associated with interfacial mass
transport between phases (i.e. gas-liquid, liquid-solid). However, the largest problem with
a hydrogenolysis approach to large scale biomass reduction is the lack of selectivity,
which consequently necessitates large scale separations.
A study that illustrates this point was reported in 2008. The Dumesic group
investigated the hydrogenolysis of sorbitol (2.6), a polyol produced from the reduction of
glucose (Figure 2-2).10 Using a four phase reactor system, with two catalysts comprised
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of five different metals at 573 °C and 5 bar of hydrogen, the reduction of this C6
carbohydrate yielded a complex mixture of organics.

Figure 2-2: Dumesic’s hydrogenolysis of sorbitol into a suite of hydrocarbon products.

Even under optimized conditions, the maximum carbon conversion and yields in
this selected example does not exceed 70% (the balance of the mass is lost as gaseous
CO2). As a result of this poor efficiency and selectivity, an energy intensive separation
would be required in order to furnish products of sufficient purity for further use in
anything but fuel applications. Insofar as separations and purifications can account for
almost 50% of the monetary expenditure for a large scale process, this approach lacks
viable scalability.11
Even in a scenario with higher yield, the lack of selectivity for one desired
product remains a significant challenge for hydrogenolysis. For instance, a
hydrogenolysis approach which addressed the low yields of biomass reduction has been
patented by Sirkar.12 Sirkar was able to cleave xylitol (2.7) via hydrogenolysis over a
porous nickel catalyst to glycerol (2.8), 1,2-propanediol (2.9), and ethylene glycol (2.10)
(Figure 2-3). These products are of immense interest for their utility in the polymerization
industry as large scale monomers.
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Figure 2-3: Sirkar’s hydrogenolysis of xylitol to various glycols.

While this reaction system produces a smaller variety of products in higher yields
than Dumesic’s system, the potential for scaling this system is still very limited. In
addition to the high temperature and pressures used, the production of these short-chain
reduced polyols requires a difficult separation. The most efficient way to separate these
molecules would be via distillation. Because the boiling point differences of these
molecules are very close (ΔBP~10 °C for ethylene glycol and propylene glycol), the use
of an exotic fractional distillation is necessary and introduces another challenge to
engineer this distillation apparatus. Overall this system does not present itself as a large
scale biomass reduction, thus it remains easier to produce these glycols from the selective
oxidation of crude oil derived olefins.13
These examples highlight both the challenges and importance of high
conversions, high yields, and exquisite selectivity for large scale biomass reduction. In
these hydrogenolysis systems, limited conversion and yield produce a large amount of
waste. A lack of selectivity for one desired product necessitates an additional separation
thus increasing the amount of money and energy needed to scalable biomass reduction.
The future of this field will need to address this challenge of selectivity if large scale
hydrogenolyses are to be forthcoming.
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2.3 - Acid-catalyzed Dehydration Reductions of Biomass

Acid-catalyzed dehydration reduction (ACD/R) of biomass is an alternative to
hydrogenolysis that has been well studied.14,15 This chemistry requires protonation of
hydroxyl groups and subsequent elimination of water to remove C-O bonds. Typically,
the product of this dehydration is an olefin which is then subject to hydrogenation over a
late transition metal catalyst, resulting in a net deoxygenation of the carbohydrate.
Unfortunately, because this chemistry relies heavily on highly reactive cationic
intermediates, selectivity and yields become a major issue. Therefore, ACD/R approaches
are typically best suited for the generation of transportation fuel blends, since
heterogeneous composition is acceptable in fuel applications.
Recently, Dumesic showed that the production of liquid fuels could be
accomplished by tandem dehydration/hydrogenation sequences using a four-component
reactor system ultimately relying on a Pt/SiO2-Al2O3 hydrogenation catalyst for the final
reduction (Figure 2-4).16

Figure 2-4: Dumesic’s conversion of furfural to transportation fuel blends using ACD/R
where the stoichiometric reductant is molecular hydrogen.

It was shown that 2:1 mixtures of furfural (2.11):acetone (2.12) could be reduced
to give transportation fuels. Furfural is a biomass-derived compound which can be
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isolated from corn, oats, bran, and rice17 and the ability to reduce it to a gasoline blend is
desirable because it is a sustainable carbon feedstock. Dumesic’s reduction of furfural
produced C12 alkanes (19.7%) and C13 alkanes (68.6%), alkanes. Because the target of the
carbohydrate reduction is a fuel blend, uncontrolled selectivity is not problematic. A
limitation in this approach however is in the combined yield of the products. Because the
yields combine to 88.3% there still exists 11.7% waste. While this system is a promising
approach to large scale biomass reduction, increased yields are still required.
A more refined approach to ACD/R chemistry was seen in the Sen lab. 18 The Sen
group developed methodology to selectively reduce glycerol (2.13), an accruing waste
product in biorefinement, to propene, (2.15) (Figure 2-5), an industrial monomer whose
demand is predicted to rise to about 60 million tonnes by 2020, via conversion to 2iodopropane (2.14).19 Using an ACD/R approach, 2.13 was converted to (2.14) using
hydriodic acid over a palladium on carbon catalyst in a hydrogen atmosphere.

Figure 2-5: Sen’s quantitative reduction of glycerol to propene.

Thermolysis of 2.14 eliminates hydriodic acid and produces 2.15 in quantitative
yields. This result shows a very rare occasion of high selectivity and high yields for
ACD/R. It remains unclear that this impressive selectivity control can be extended to
longer chain polyols which can undergo a wider variety of dehydration, substitution, and
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elimination products making selectivity an enormous challenge. Nevertheless, Sen’s
system is a leading contender for a scalable approach for biomass conversion.
The ACD/R field should begin to develop systems like Sen’s for polyols larger
than glycerol. As this field grows and selective reduction of large polyols is seen, ACD/R
may become a viable candidate for large scale biomass reduction and ultimately provide
a renewable source of reduced carbon feedstock.

2.3 – Summary

This chapter served to highlight common biomass reduction strategies in
hydrogenolysis and ACD/R. These routes typically have very limited selectivity but as
the field has developed the selectivity has improved. While targeting transportation fuels
from biomass has clearly been a focus of these sorts of chemistries, it has been argued
that there is higher value in targeting finer chemicals. The next chapter will introduce a
complementary and highly chemoselective reduction process for the conversion of
biomass-derived polyols into olefins that ultimately forms the focus of this thesis.
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Chapter 3

Selective Reduction of Diols to Olefins through Oxorhenium Chemistry
Thus far, the application of biomass conversion to fuels and fine chemicals has
been discussed through two approaches: (i) hydrogenolysis and (ii) ACD/R. These
approaches are typically limited to lab scales due to challenges in yield and selectivity.
These limitations necessitate separations, a major challenge for industrial processes. In
this chapter, the chemistry involving selective carbohydrate reduction to produce olefins
will be discussed. This chapter will describe the background of olefin production from
vicinal diols using homogenous oxorhenium catalysts.

3.1 – Deoxydehydration (DODH) as a Promising, Large Scale Option for Selective Biomass
Reduction

Deoxydehydration (DODH) describes the removal of the hydroxyl groups in 1,2diols in order to form a C=C π-bond and expel an equivalent of water (Figure 3-1).
Because some carbohydrates are linear polyols, DODH has emerged as an approach to
carbohydrate reduction which produces reduce carbon typically isolated from
petrochemicals.
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Figure 3-1: A simplistic representation of DODH of ethylene glycol (3.1). The products
are ethylene (3.2), water, and an oxygen atom.

These biomass derived olefins can be coupled with a hydrogenation sequence to
furnish alkanes for fuels or fine chemicals (Figure 3-2). Alternatively these alkenes can
be isolated as used directly as fine chemicals, such as industrial monomers. Through this
chemical diversity, it can be seen that a selective reduction through DODH has more
value than the traditional approaches.

Figure 3-2: An example of how DODH can be applied to selective carbohydrate
reduction generating high value compounds.

Another attribute of the DODH chemistry is that the yields of olefin have
increased as the technology has developed. As a result, this minimizes separatory steps
and increases the overall efficiency of the reaction. DODH systems have also been
developed for a variety of polyols (C2 – C6), which had been a limitation seen in previous
ACD/R approaches. Taken together, these benefits suggest that DODH chemistry may be
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a viable way to selectively reduce biomass derived polyols on an industrial scale to
furnish surrogates for fossil-derived carbon feedstock compounds.

3.2 – Initial Reaction Discovery and Mechanistic Studies

An unanticipated reaction that hinted at the potential for a mechanistically new
approach to a selective reduction of vicinal diols, or polyols, to olefins was demonstrated
by Herrmann.20 A pentamethylcyclopentandienyl (Cp*) oxorhenium(V) diolate derived
from ethylene glycol (3.7) was observed to liberate 3.2 upon thermolysis and generate the
corresponding pentamethylcyclopentandienyl trioxorhenium(VII) (3.8) (Figure 3-3).

Figure 3-3: Herrmann’s extrusion of olefin from 3.7.

Since this initial discovery, both conceptual and practical advances over the past
two decades have transformed oxorhenium-mediated DODH from an esoteric
organometallic transformation to a technology capable of processing renewable carbon
resources.
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Following Herrmann’s initial report, significant effort was invested in defining
the mechanistic aspects of this novel transformation. Several mechanisms have been
postulated for the extrusion of olefin from an oxorhenium diolate (Figure 3-4).

Figure 3-4: Possible mechanistic pathways for olefin extrusion from an oxorhenium
diolate.
First, a concerted mechanism proceeding via direct retro-[3+2] cycloreversion could be
considered (3.7a). This proposed reaction represents a pathway defining the microscopic
reverse of the well-known Criegee oxidation of olefins to cis-diols.21 Alternatively,
stepwise pathways initiated by either C–O heterolysis (3.7b) or isomerization to
metallaoxetane followed by retro-[2+2] cycloreversion (3.7c) may be considered.
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Interestingly, the metallaoxetane/retro-[2+2] cycloreversion pathway is best
supported by the experimental data.22 The reaction proceeds with facility in nonpolar
solvents, disfavoring a heterolytic pathway involving charged intermediates (3.7b).
Crucially, the kinetic parameters derived from Eyring analysis of 3.2 extrusion reaction
yield values of ΔHǂ = 28.0 kcal/mol and ΔSǂ = -2.1 cal/mol•K. This data, especially the
small, negative entropy of activation, is inconsistent with a concerted transition structure
(3.7a) involving the simultaneous cleavage of two C–O bonds in molecular fragmentation
reaction. Rather, a rate determining isomerization of the oxorhenium(V) diolate to a
metallaoxetane (3.7c), which would be expected to have fewer microstates (consistent
with negative activation entropy) is preferred. This isomerization is then followed by
rapid retro-[2+2] cycloreversion and is the generally accepted mechanism of vicinal diol
reduction to olefin at an oxorhenium diolate center.

3.3 – Oxorhenium Catalyzed Reductions of 1,2-Diols to Olefins

The mechanistic understanding derived from the stoichiometric diolate
cycloreversion studies could potentially serve as a basis for a catalytic approach to vicinal
diol DODH provided the trioxorhenium complex could be reduced in situ.
A general catalytic cycle for catalytic deoxydehydration can be envisioned
(Figure 3-5), consisting of three fundamental steps: 1) binding of the diol to the catalyst
via ketalization to give the oxorhenium(V) diolate (3.9); 2) cycloreversion of the diolate
to give the olefin product (3.10); 3) reduction of XReVIIO3 to XReVO2 using a reductant in
the form of an oxygen atom acceptor to close the catalytic cycle (3.11).
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Figure 3-5: A proposed mechanism for DODH catalyzed by an oxorhenium complex.

Efforts have been made to apply various reductants to complete the catalytic
cycle. Ideal catalytic systems should be designed such that the stoichiometric byproducts
are environmentally benign and easily separated from the crude reaction mixture.
The first demonstration of catalytic DODH was reported by Andrews et al (Figure
3-6).23 By using triphenylphosphine as the terminal reductant, erythritol (3.3) styrene
diol (3.12) and were converted to the corresponding olefins, 1,3-butadiene (3.4) and
styrene (3.13) in good yield.

Figure 3-6: Andrews’ catalytic DODH reaction using 3.8 and triphenylphosphine as the
terminal reductant.
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This transformation was made catalytic because the triphenylphosphine was able
to reduce the trioxorhenium catalyst to the transient bis-oxorhenium complex (3.8, X =
Cp*). Evidence for formation of the bis-oxorhenium complex was determined through a
rate investigation as a function of solvent. It was seen that there was a solvent
dependency such that coordinating solvents inhibited the rate of the reaction, such that
the turn over number (TON) in chlorobenzene was roughly five times higher than in a
coordinating solvent like THF. This novel system validated the concept that the use of an
oxygen atom acceptor to turn over a trioxorhenium catalyst could facilitate
deoxydehydration catalysis. A limitation of this system is the generation of stoichiometric
phosphine oxide waste, which prevents the scalability of this DODH.
In 2009, Abu-Omar employed an oxorhenium catalyst by replacing the Cp* by a
methyl moiety and using molecular hydrogen as the reductant (Figure 3-7).24

Figure 3-7: Abu-Omar’s catalytic DODH reaction using 3.14 and molecular hydrogen as
the terminal reductant.

This methyl trioxorhenium (3.14) system broadened the substrate scope of
oxorhenium catalyzed DODH, demonstrating selective reduction for epoxides, cyclic cisdiols, and aliphatic α,β-diols. Additionally, this system paved the way for thinking about
practical means for scalability. The use of molecular hydrogen as the oxygen atom
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acceptor generates only water as byproduct, an ideal waste product for large scale
systems. Similar to the biomass reduction strategies discussed earlier (Chapter 2), the
primary drawback of this chemistry was in the use of high pressures of flammable
hydrogen gas. This limits the practicality of this process on a large scale, yet this system
certainly began to introduce the use of environmentally benign reductants for catalytic
DODH.
A similar development in this reductant methodology was shown by Nicholas,
who avoided the use of high pressures of flammable gas by using innocuous sodium
sulfite as the reductant (Figure 3-8).25

Figure 3-8: Nicholas’ catalytic DODH reaction using 3.14 and sodium sulfite as the
terminal reductant.

The stoichiometric sodium sulfate waste can easily be separated from the organic
products, thus making large scale separations easily accomplished. In this study, Nicholas
surveyed a variety of oxorhenium complexes as potential catalysts. It was found that
3.14, the same catalyst used by Abu-Omar, was optimal for these sulfite promoted
DODH reductions. Unfortunately, the prolonged reaction times at high temperatures
preclude large scale processing using this method. Nevertheless, these advancements by
Abu-Omar and Nicholas have offered novel perspectives on scalability for oxorhenium
catalyzed DODH.
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Moreover, this chemistry has been demonstrated for bioderived polyols.
Collectively by 2011, Andrews, Nicholas, and Abu-Omar showed the selective
deoxygenation of two eyrthritol-derivites by 3.14 in modest yields.
One of the most practical and conceptual advances in oxorhenium catalyzed
DODH was reported by Toste et al. who showed that 3.14 could effectively and
selectively reduce a broad range of biomass-derived polyols to their corresponding
polyolefins.26 In this study, Toste provided the first example of a catalytic reduction of
biomass-derived C5 and C6 polyols. In concert with this catalytic manifold, it was shown
that external reductants are not always necessary for selective DODH chemistry. Distinct
from previous systems, Toste discovered that protic, reducing solvents can serve as a
suitable reductant. The proposed mechanism (Figure 3-9) suggested that the first step in
the mechanism was the oxidation of the 3-pentanol and reduction of 3.14 to methyl bisoxorhenium(V) (3.16 via 3.15).
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Figure 3-9: Toste’s proposed mechanism of 3.14 catalyzed chemoselective reduction of
biomass derived polyols to olefins.

Experimental evidence for this in situ reduction was provided by isolating a bisoxorhenium alkyne adduct and evaluating its catalytic activity. This complex showed
nearly identical catalytic turnover to 3.14 suggesting that 3.16 was an intermediate on the
catalytic cycle. Once generated, 3.16 is postulated to undergo a ligand exchange with a
polyol to generate oxorhenium diolate (3.17), which upon thermolysis expels olefin and
regenerates 3.14. Unlike previous examples, this system catalyzed by 3.14 was capable of
selectively reducing carbohydrates such as glycerol, sorbitol, and inositol isomers, in
addition to eythritol as had been shown previously. In these examples, products such as
allyl alcohol, 1,3,5-hexatriene, and benzene were isolated in moderate yields. These
olefins are typically obtained from petrochemical feedstocks but here the same olefins are
obtained from biomass thus showing the value of this chemistry.
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Unlike the detailed mechanistic studies on the 3.17 complex by Gable, no
mechanistic experiments had been performed on this MTO system. A computational
study indicated that a similar stepwise [2+2] cycloreversion process might be operative,
yet to advance the field of 3.14 catalyzed DODH more experimental data is necessary.27
The next research endeavor was a practical evaluation of DODH as well as the collection
of experimental data to elucidate a mechanism of how these selective reductions have
occurred.
Recently, Abu-Omar showed that 3.14 can catalyze the selective reduction of
glycerol (3.18) to allyl alcohol (3.23) with remarkable synthetic effortlessness.28 While
the synthesis had been seen before, their experimental simplicity had not. Distinct from
Toste’s proposed mechanism, Abu-Omar proposed a novel mechanism and evaluated the
kinetics of this DODH using a kinetic isotope effect (KIE) study. When the methyne
proton on 3.18 was deuterated, a KIE of ca. 2.4 was observed. Because of this remarkably
high ratio, it was postulated that a rate limiting hydride transfer from C-2 in 3.18 to the
oxorhenium had occurred (via 3.19). This was experimentally supported by the isolation
of dihydroxyacetone (3.20) as a byproduct. This kinetic data is consistent with the
following proposed catalytic cycle (Figure 3-10).
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Figure 3-10: Abu-Omar’s proposed mechanism of 3.14 catalyzed chemoselective
reduction of biomass derived glycerol to allyl alcohol.

To evaluate whether or not the rate limiting hydride transfer occurred through an
inner-sphere hydride transfer or from an exogenous solvent molecule, a reaction rate
equation needed to be derived. The authors addressed this as a point of contention insofar
as saying that it is too difficult experimentally to obtain this information and future work
will be devoted to this solvent dependence. Nevertheless, the authors proposed the first
step is not reduction of 3.14 but instead ketalization of 3.18. This mechanism is unique
because to this point diolate ketalization before in situ reduction has only been postulated
as a possibility. Nevertheless, reduction of the bis-oxo rhenium diolate via a second
equivalent of 3.18 furnishes 3.20 and the Lewis Acid-Base pair intermediate, 3.21. After
proton transfer, the oxorhenium diolate is formed (3.22). 3.22 undergoes a rearrangement
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to liberate 3.23 and regenerate 3.14. It should be noted that this cycloreversion step
remains unknown and has only been computationally examined.29
While this report is mechanistically novel, the practicality of these experiments is
what makes them appealing. An interesting synthetic note on this chemistry is that the
products of this reaction can be distilled out in adequate yields (ca. 70%). This makes
them an asset to large scale DODH because the separation of product from reaction
system is of high value. In this system, the separation is built into the reaction system.

3.4 – Summary

While effective, oxorhenium catalyzed DODH still has problems that have yet to
be addressed. The future of the DODH field will certainly move towards finding cheaper,
less toxic metals to serve as catalysts. A large scale system based on an expensive, toxic
metal like rhenium is undesirable. Analogous to the aforementioned approaches, high
selectivity and yields will also need to be further optimized such that separations are not
required. As described in subsequent chapters, we believe that employing Group VI
oxometal complexes as DODH catalysts instead of oxorhenium complexes will address
some of the problems described above.
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Chapter 4

Research Towards Group VI Metal-Oxo Deoxydehydration Catalysis
The chapter describes the research toward the development of a catalytic
deoxydehydration (DODH) reaction with Group VI transition oxometal compounds. The
synthesis of various oxometal compounds will be discussed, and their potential for
DODH catalysis will be described. Additionally, efforts towards the synthesis of the first
oxomolybdenum(IV) diolate will be described.

4.1 – Rationale for Choosing Group VI Metals

As described in the previous chapter, significant advances have been made in the
oxorhenium-catalyzed deoxydehydration of 1,2-diols. However, an inherent limitation to
broad deployment of the established systems relates to the low natural abundance and
high cost of rhenium-based materials. In an effort to further identify functional DODH
catalysts based on more abundant metals, we initiated an investigation of the second and
third row Group VI metals, molybdenum and tungsten. The major challenge with this
project is to identify Mo- and W-based complexes capable of DODH via a two-electron
couple (presumably M(IV)/M(VI)) in analogy to the catalytic chemistry established with
Re(V)/Re(VII).
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Thermodynamically, we hypothesized that the chemistry driving the oxorhenium
systems is the strength of the Re=O π-bonds formed. The bond strengths of the Re=O πbonds need to be sufficiently stronger than the broken C-O σ-bonds such that a
spontaneous

reaction

can

occur.

Comparatively,

oxomolybdenum(VI)

and

oxotungsten(VI) complexes have been compared to oxorhenium systems and it has been
suggested that both of the Group VI oxometal complexes form stronger M=O bonds than
the rhenium analog.30 This study supports the expected oxometal trend31 and is one
reason we sought to evaluate the Group VI oxometal DODH chemistry.
Furthermore, fragmentary evidence for deoxydehydration of diols with Group VI
compounds has been suggested in the literature (Figure 4-1). For example, Sharpless32
showed that dipotassium hexachlorotungsten(IV) (4.1) could reduce vicinal diols to their
respective olefins in a stoichiometric fashion. It was suggested that the strength of the
W=O bond was the thermodynamic driving force for this reaction. Interestingly,
Sharpless found that the more oxidizing metal complex MoCl4 (4.2) is prone to oxidative
cleavage of the same diols suggesting that the reactivity of Mo- and W-based reagents
with respect to 1,2-diol substrates is subject to subtle electronic factors. Additionally,
Schrock33 reported that a pinacolatetungsten(IV) derivitive (4.3) could perform a formal
retro[3+2] cycloaddition to expel olefin (4.5) and generate two new W=O π-bonds (4.4).

27

Figure 4-1: Stoichiometric literature precedent for Group VI metals reacting with vicinal
diols.

We believed that between the strength of the Group VI M=O bonds, more
specifically the fact that they are stronger than Re=O bonds, and the precedent provided
by Sharpless and Schrock, a novel Mo- and W-based DODH catalytic system could be
envisioned. Moreover, during the writing of this thesis, two independent studies have
appeared in the literature that further validate the hypothesis that metals other than
rhenium (i.e. molybdenum34 and vanadium35) can support deoxydehydration reactivity.

4.2 – Research Toward Stoichiometric Group VI Oxometal Extrusion.

To evaluate the reactivity of an oxomolybdenum diolate for cycloreversion, we
began by synthesizing a known oxomolybenum diolate to evaluate the organic products
upon thermolysis. We focused on the preparation of the necessary molybdenum(IV)
diolates supported by hydridotris(3,5-dimethylpyrazolyl)borate (Tp’) ancillary ligands.
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Figure 4-2: Synthetic scheme for the preparation of molybdenum(V) diolates

As an entry point, we targeted related Tp’-ligated molybdenum(V) compounds
previously prepared by Enemark (Figure 4-2).36 Specifically, dissolution of molybdenum
pentachloride (4.6) in tetrahydrofuran, followed by warming to ambient temperature and
subsequent treatment with KTp’ (4.7) results in isolation of Tp’Mo(O)Cl2 (4.8) in 35%
yield. 1,2-Diolate ligands can then be installed via halide ligand exchange in refluxing
toluene. In this way, we have generated a library of Tp’-supported oxomolybdenum(V)
diolate complexes with various substitutions (Figure 4-3). Characterization of these
paramagnetic d1 molybdenum(V) compounds has been achieved through mass
spectrometry and X-ray crystallography of single crystals prepared by vapor diffusion of
pentane into a dichloromethane solution (4.14, 4.15).
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Figure 4-3: Library of Mo(V) diolates prepared following our variation of Enemark’s
preparation.
.

Figure 4-4: Molecular structure of 4.14. Thermal ellipsoiods are shown at the 50%
probability level. Hydrogen atoms on boron and benzylic carbons are shown explicitly;
all hydrogen atoms omitted for clarity.

30

Figure 4-5: Molecular structure of 4.15. Thermal ellipsoiods are shown at the 50%
probability level. Hydrogen atoms on boron and benzylic carbons are shown explicitly;
all hydrogen atoms omitted for clarity.

With these molybdenum(V) diolates synthesized and characterized, we
investigated the requisite one-electron reduction to the corresponding molybdenum(IV)
compounds (Table 4-1). A representative reversible one-electron reduction of 4.13 is
observed at ca. –1.60 V vs. Fc/Fc+, suggesting stability of the Mo(IV) reduction product
on the timescale of the electrochemical experiment. Compounds 4.9-4.15 all exhibit
similar reversible electrochemical behavior, with potentials that span a narrow range
between –1.53 V and –1.66 V vs. Fc/Fc+ .
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Compound Half Potential (V)

CV of (4.13)
8
Current (uA)

-0.898
4.8
-1.58
4.9
-1.66
4.10
-1.56
4.11
-1.60
4.12
-1.65
4.13
-1.53
4.14
-1.53
4.15
Conditions:
cyclic
voltammetry,
Pt
electrode,
1
mM
solutions in MeCN,
0.1M
Bu4NPF0
supporting electrolyte.
Potentials vs. Fc/Fc+,
25 °C

-2

4
0
-1.5

-1

-0.5

0
-4

Potential vs. Fc/Fc+ (V)

-8

Table 4-1: Electrochemical half potentials of the prepared molybdenum(V) diolates and
representative CV of 4.13.
Given the observed reversibility of one-electron reduction under electrochemical
conditions, we anticipated that use of a suitable chemical reductant would permit the
isolation of the desired Mo(IV) compound. However, initial investigations with a panel of
reductants37 with potentials negative of –1.7 V vs. Fc/Fc+ (Table 4-2) have failed to
furnish the corresponding Mo(IV) diolate.
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Reductant
Sodium
Sodium Napthalide
Sodium Anthracenide
Sodium Benzophenone
Sodium Acenapthalene
Sodium Ammonia
SmI2
Li0

Reduction Potential
(vs. Fc/Fc+)a
-3.04 V
-3.10 V
-2.47 Vc
-2.30 V
-2.26 V
-2.25 Vd
-1.33 Ve
-3.37 V

Crude Reaction Mixtureb
Nonspecific Decomposition
Nonspecific Decomposition
Nonspecific Decomposition
Nonspecific Decomposition
Nonspecific Decomposition
Nonspecific Decomposition
Nonspecific Decomposition
Nonspecific Decomposition

Table 4-2 Chemical reductants implemented for Mo(V) reduction. aMeasured in THF.
b
Determined by 1H NMR. cMeasured in diglyme. dMeasured in NH3(l).e Referenced
against Ag/AgNO3.38

1

H NMR analysis of the crude reaction mixtures provided no evidence for the

desired product but instead non-specific reaction decomposition was observed. We
hypothesized that the product decomposition was most likely caused by the harsh
reaction conditions and poor selectivity associated with chemical reductants. Nonselective electron transfer from reductant to substrate could give over reduction products
which could presumably decompose or further react in an undesirable fashion.
With this in mind, a bulk electrochemical reduction was performed with the
expectation that the better control of the reduction potential would prevent possible overreduction. A inorganic electrolyte (i.e. sodium iodide) was chosen as the supporting
electrolyte so that 1H NMR could be performed on the crude electrolysis mixture without
spectral interference. In the experiment, the platinum mesh working electrode was poised
a –2.0 V vs. Ag/AgNO3 in a three-compartment H-cell. During the electrolysis, a color
change from blue to yellow was observed, suggesting a chemical reaction that consumed
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the paramagnetic d1 starting material. Once the solvent was evaporated and replaced with
d3-MeCN, a 1H NMR spectrum was collected. Unfortunately, the acquired spectrum did
not contain evidence of the desired product; instead, decomposition to a nonspecific
mixture of species was observed. This result was unanticipated in light of the reversible
cyclic voltammetry that was observed on analytical scale, which indicates that the desired
Tp’-supported oxomolybdenum(IV) complex should be stable at least on the timescale of
the electrochemical sweep switching (e.g. seconds). One potential explanation for the
failed bulked electrolysis might be that the desired product is metastable, such that it
decomposed before the 1H NMR spectrum could be collected. While we have observed
the stability of the desired Mo(IV) complex on a CV timescale, the time required to
work-up and analyze the crude material via NMR could have been sufficient to
decompose the complex. Alternatively, the target complex, if formed, might have only
been stable in solution and decomposed in the solid state during the solvent exchange
necessary for the 1H NMR experiment. A remedy of these issues could be to use a
characterization technique that is performed on a faster timescale (potentially an in situ
UV-vis experiment), which would allow us to monitor spectral changes in the solution in
real time.
In view of the limited success of isolating a Mo IV supported by the Tp’ ligand,
another approach to an oxomolybdenum(IV) diolate supported by N,N’,N’’trimethyltriazacyclononane (4.18) was pursued. Weighardt was able to prepare a stable
molybdenum(IV) diiodide complex (4.22) supported by an ancillary ligand, 4.18.39 We
hypothesized that iodide ligands of 4.22 should be susceptible to ligand exchanged via an
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dialkoxy anion metathesis reagent, giving access to the desired oxomolybdenum(IV)
diolate complexes.
To prepare this complex, triethylenediamine (4.16) was first triply protected as
the sulfonamide using p-toluenesulfonyl chloride following the well-established literature
procedure.40 Subsequent ring forming alkylation with 1,2-dibromoethane gave 4.17.
Deprotection of the sulfonyl groups with concentrated sulfuric acid, and EschweilerClarke methylation provides 4.18 in excellent yields. Ligand substitution of the
commercially available molybdenum hexacarbonyl with 4.18 generates tricarbonyl
complex 4.19, which can be oxidatively decarbonylated with HI and I2 to give 4.20.
Further oxidation of this intermediate in nitric acid, then ion exchange with sodium
hexafluorophosphate gives Mo(V)-oxo 4.21 as a dark green solid. One-electron reduction
using triethylamine provides the pink Mo(IV)-oxo 4.22, albeit in low yields.
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Figure 4-6: Synthetic scheme for the preparation of a molybdenum(IV) diolate
supported by the methylated tacn ligand. a) p-TosCl, K2CO3, H2O, 90 °C; NaOH, Bu4NOH 1,2-dibromoethane, xylenes, 90 °C, 86%. b) H2SO4, 150 °C; HCOOH, CH2O, 100
°C, 86%. c) Mo(CO)6, PhMe, 120 °C, 69%. d) HI, 150 °C, 65%. e) 1M HNO3, rt; NaPF6,
42%. f) NEt3, MeCN, 49%.

Initial investigations in our lab have shown that complex 4.22 does not undergo
ligand exchange with sodium alkoxide salts.41 Thus, we tried substitution using
thallium(I) ethoxide, a methasis reagent. Weighardt showed that 4.21 undergoes methasis
with thalium(I) ethoxide in refluxing ethanol to give the Mo(V) ethoxide complex as the
PF6 salt. However, reactions attempting to produce the corresponding Mo(IV) ethoxide
were unsuccessful, predominantly due to insolubility of the starting material in organic

36

solvents. Solvents including acetonitrile, benzene, dichloromethane, dimethylformamide,
ethanol, nitromethane, pentane, tetrahydrofuran, and toluene were utilized in an effort to
dissolve the starting material both at room and elevated temperature, yet the complex
remained insoluble. Prolonged heating of the purple solution in MeCN, benzene, and
ethanol led to thermal decomposition. In order to increase the solubility of the Mo(IV)
compound, a more aliphatic ligand architecture could have been synthesized where the
methyl moieties on 4.18 are replaced with tert-butyl or iso-propyl groups. This ligand
replacement should not influence the electronic structure of the metal and would not be
expected to affect the reactivity at the metal center, although a potential steric
complication can be envisioned.
In summary, our attempts to directly interrogate the stoichiometric cycloreversion
from an oxomolybdenum(IV) diolate complex have, to date, been thwarted by an
inability to access the requisite starting material. Despite this setback, we pursued a
parallel investigation of the analogous catalytic chemistry, which is described below.

4.3 – Synthesis and Reactivity of Salan-MoO2

To evaluate the feasibility of Mo-based DODH catalysis, a known
molybdenum(VI) salan complex capable of serving as an oxygen atom donor was
prepared (4.24). This molecule attracted our interest because oxygen atom transfer from
molybdenum to an external reductant is a crucial step in catalytic DODH. An initial
report from the Lehtonen and Silanpaa showed that this salan molybdenum complex was
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capable of catalytic oxygen atom transfer from DMSO to PPh3.42 A plausible mechanism
for this process involving a Mo(IV)/Mo(VI) cycle was later advanced by Britovsek.43

Figure 4-7: The proposed mechanism for the catalyzed oxygen atom transfer at
molybdenum(VI) dioxide complex and its relevance to our desired DODH system.

Mechanistically, it was proposed that triphenylphosphine attacks Mo=O π* of
4.24 generating 4.25, a reduced Mo(IV) complex.

Displacement of PhP3=O with

Me2S=O by associative ligand interchange gives sulfoxide complex 4.26. Deoxygenation
of Me2S=O liberates Me2S, regenerating the catalyst and closing the catalytic cycle. From
the perspective of DODH catalysis, we believed that if this reaction proceeded through
this proposed mechanism, it may be possible that ketalization of the oxomolybdenum(IV)
complex 4.25 would generate a molybdenum diolate in situ with liberation of water, 4.27.
Subsequent cycloreversion would then expel olefin and close the catalytic cycle.
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The synthesis of 4.24 begins with a reductive amination of salicaldehyde (4.28)
with ethylenediamine. Subsequent methylation of the 4.29 via reductive amination with
formaldehyde provides the ligand architecture, 4.30. Once the ligand is prepared, ligand
substitution with commercially available MoO2(acac)2 provides the desired complex 4.24
as a yellow solid. Recrystallization in dichloromethane affords crystals suitable for x-ray
analysis.

Figure 4-8: The synthetic scheme for the preparation of 4.24. a) H2NCH2CH2NH2,
MeOH, rt; NaBH4, rt, 37%. b) CH2O, THF/AcOH (7:1), rt; NaBH4, 12 h, 50%. c)
MoO2(acac)2, MeCN, 6 h, 50%.
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Figure 4-9: Molecular structure of 4.24. Thermal ellipsoiods are shown at the 50%
probability level. All hydrogen atoms omitted for clarity.

With complex 4.24 in hand, we began to evaluate its potential for DODH
catalysis. Initial experiments were conducted using commercially available (R,R)hydrobenzoin. In choosing this substrate, we hypothesized that the strong thermodynamic
driving force arising from formation of a cross conjugated olefin would make the
deoxygenation more exothermic and, subsequently, spontaneous. When 4.24,
triphenylphosphine (2 equiv.), and the diol were refluxed in toluene for 24 hours, limited
conversion of stilbene was observed (< 20%). Replacement of triphenylphosphine with
molecular hydrogen (300 psi) did not affect the yield, suggesting the external reductant
had no impact on the deoxygenation of 4.24.
Unexpectedly, a control experiment in which the terminal reductant
triphenylphosphine was omitted showed that the starting diol was still consumed and that
reduction product stilbene was observed (12%). The major product of this reaction was
benzaldehyde (56%). The formation of benzaldehyde suggested competing glycol
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oxidation, similar to those seen in lead(IV) acetate and periodic acid systems.44,45 Indeed,
a brief investigation indicated that the oxidative cleavage reaction can be made
catalytic46,47 in 4.24 using molecular oxygen48 as the terminal oxidant (Figure 4-10).
Other oxidants proved less effective (Table 4-3), and attempts to extend the catalytic
oxidative cleavage to other 1,2-diols were not productive (Table 4-4). In view of these
apparent limitations, the oxidative catalysis was not pursued further.

Figure 4-10: Synthetic scheme of oxidative cleavage catalyzed by 4.24.

Oxidant
O2
H2O2 (30% wt. H2O)
t
BuOOH (70% wt. H2O)

Conversiona
100 %
46 %
84 %

Yieldb
>95 %
4%
66 %

Table 4-3: Effect of terminal oxidant on 4.24 catalyzed oxidative cleavage of (R,R)hydrobenzoin. aConversions were based on disappearance of benzylic protons from
starting material. bYields were based on 1H NMR using mesitylene as an internal
standard.
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Table 4-4: Substrate scope of Salan-MoO2 catalyzed oxidative cleavage of diols.

4.4 – Catalytic Investigation of Low-Valent Group VI Compounds

In a recent report by Abu-Omar, the mechanism of oxorhenium catalyzed DODH
was further elucidated.49 The authors provide evidence that the active catalyst is in fact
not a Re(VII) but instead a Re(V) oxo. In the proposed mechanism, Re(VII) is first
reduced to Re(V) via oxidative cleavage of the diol, furnishing two equivalents of
aldehyde. The more reactive Re(V) can then undergo ketalization, reduction, and
extrusion in a similar fashion to the aforementioned chemistries [cf. Scheme 3.5 (Chapter
3)]. Importantly, this study suggests that the redox-couple involved in the DODH
chemistry is not the Re(V)/Re(VII) couple but instead the more reducing Re(III)/Re(V)
couple.
In attempts to evaluate this low-valent chemistry in the context of Group VI
compounds, commercially available Group VI oxos and carbonyls were added in
catalytic amounts to a solution of (R,R)-hydrobenzoin in degassed cyclohexanol and 3-
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octanol for two hours at reflux (Table 4-5). Similar to the previous reports, we
hypothesized that the oxometals could be reduced by the solvent. For example, Mo(IV)
could be reduced to Mo(II) through the oxidation of 3-octanol to 3-octanone. This more
reducing metal could then undergo ketalization of the metal and liberate olefin upon
thermolysis, subsequently regenerating the catalyst (c.f. Fig 3.5).

Catalyst
MoO2
MoO2
Mo(CO)6
Mo(CO)6
WO3
WO3
W(CO)6
W(CO)6
a

Conversiona
86%
84%
85%
50%
NAR
89%
85%
95%

Solvent
3-octanol
cyclohexanol
3-octanol
cyclohexanol
3-octanol
cyclohexanol
3-octanol
cyclohexanol

Stilbene Yieldb
46%
51%
26%
85%
NR
0%
26%
36%

Benzaldehyde Yieldb
28%
21%
0%
0%
NR
14%
0%
14%

Table 4-5: Catalyst screening of Group VI complexes for DODH chemistry.
Conversions were based on disappearance of benzylic protons from starting material.
b
Yields were based on 1H NMR using mesitylene as an internal standard.

Initial investigations of the high-valent Group VI oxos suggest the diol was
reduced to stilbene in modest yields. Interestingly, in the reactions where molybdenum
was the base metal for the catalyst, black precipitate was observed as the reaction
proceeds. Under the presumption that this solid was the elemental metal [formed from
over-reduction of Mo(II) to Mo(0)], we screened low-valent Group VI carbonyls as
potential catalysts for this chemistry.

43

Comparatively, it can be seen that the Group VI oxos are prone to oxidative
cleavage of the starting material potentially via a disproportionation reaction (similar to
the chemistry of 4.24). The conversion of substrate using metal oxos is higher than the
corresponding metal carbonyls; this is presumed to be an effect of their higher reactivity.
From the table, it was clear that molybdenum hexacarbonyl (4.31) in refluxing
cycohexanol was the best system for our DODH chemistry. While the mechanism of this
reaction is still unclear, initial powder XRD patterns confirm that in the presence of
refluxing cyclohexanol, 4.31 is converted to a nanomaterial. We are investigating
whether or not this material is responsible for the desired DODH or responsible for the
low yields of the desired complex, either through undesired reactivity of the substrate or
reacting with the stilbene produced in solution (e.g. polymerization).

4.5 – Expansion of Low-Valent Group VI Reactivity

Although the mechanism of this system is still ongoing, we nevertheless sought to
expand this reactivity to other substrates. We began to survey diols with a variety of
electronic and steric differences as well as evaluating the reduction of epoxides (Table 46). From these results, it can be seen that the ability of 4.31 to catalyze DODH requires
dibenzylic substitution of the diol. While these dibenzylic diols can serve as proof of
concept models, the poor reactivity of aliphatic diols is not uncommon in DODH
systems.50
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Table 4-6: Substrate scope of 4.31 catalyzed DODH.

We probed the scope of this deoxydehydration focusing on dibenzylic diols
(Table 4-7). In our proposed catalytic cycle, water is produced in stoichiometric
quantities. As this may impact the efficiency of the catalyst, molecular sieves were added
to remove any water thus driving the equilibrium of the DODH forward. The initial
reaction showed that the addition of 4Å molecular sieves increased the yield of the
converted hydrobenzoin to 92%.
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Table 4-7: Examples of dibenzylic diols 4.31-catalyzed DODH.

4.6 – Conclusions and Future Work

Although still in the early stages of development, we hope to further optimize this
novel DODH system. While the yields have improved, efficient conversions of substrate
to olefin are still lacking. From TLC and 1H NMR analysis, it appears that a number of
competing side reactions may be occurring. Due to the number of reactions 4.31 is able to
facilitate,51 this is unsurprising. Additives, such as radical scavengers, may be essential to
increase the selectivity of this DODH process and need to be evaluated. Identification of
the active catalyst is also necessary to advance our method to carbohydrate DODH. In
order to do this, the molybdenum nanoparticles need to be identified via TEM to evaluate
homogeneity of the particles. If these are the active catalyst, placing them with dibenzylic
diols in high boiling, reducing solvents is necessary.
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Chapter 5

Experimental Section

5.1 General Section-Material and Methods
All solvents were degassed by sparging with argon, dried by passage over an
activated alumina column, and stored under argon prior to use. All glassware used was
dried in a 120 °C oven or flame dried and purged under nitrogen before use. Degassed
solutions were prepared by three cycles of freeze, pump, and thaw. All reagents used are
commercially available from TCI, Sigma-Aldrich, and Alfa-Aesar. NMR data was
collected on Bruker Avance 300, 360, and 400 MHz instruments. Spectra were referenced
internally to residual protiated solvent (chloroform: 1H δ 7.26 ppm, 13C δ 77.2 ppm).
All cyclic voltammetry experiments were conducted at ambient temperature using
a Pine WaveNow XV potentiostat under a nitrogen atmosphere. Solutions of
molybdenum complex (1.0 mM) in acetonitrile (10 mL) were examined, with
tetrabutylammonium hexafluorophosphate (0.1 M) as the supporting electrolyte. A
platinum disc, polished with 0.05 micron alumina and rinsed with acetonitrile prior to
use, served as the working electrode. A platinum wire served as the counter electrode,
and non-aqueous Ag/Ag+ (10 mM AgNO3 in acetonitrile) served as the reference
electrode. At the end of each experiment, sublimed ferrocene (1.0 mM) was added as an
internal reference.
Solutions

of

Sodium

napthalide,52

sodium

anthracenide,53

sodium

benzophenone,54 sodium acenapthalide,52 and samarium diiodide55 were prepared
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according to literature procedures and titrated before use against solutions of phenol in
THF. Sodium ammonia reductions were used by adding 4.9 to the Na/NH3 solution and
by adding Na to a solution of 4.9 in NH3(l) (always using one equivalent of sodium
metal). Sodium and lithium metals were used in stoichiometric quantities.

5.2 Synthesis of ligands and compounds.

Potassium

Tris(3,5-dimethylpyrazole)borate

(4.7):

This

compound was prepared by a procedure modified from the
literature report.56 A 100 mL round bottom flask was charged with
potassium borohydride (3.00 g, 55.6 mmol), 3,5-dimethylpyrazole (21.4 g, 222 mmol),
and equipped with an internal mercury thermometer to measure reaction temperature. The
mixture was heated using a heating mantle until the internal temperature reached 220 °C.
As the reaction proceeded, hydrogen evolution was monitored via an external bubbler.
After hydrogen evolution ceased (ca. 2.5 hours), the reaction was cooled to room
temperature and filtered. The crude solid was washed with boiling hexanes to yield
spectroscopically pure 4.7 as a white solid (60-79%). Spectral data were consistent with
those in the literature.57
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Oxomolybdenum(V) dichloride (4.8):58 A 200 mL Schlenk
flask charged with MoCl5 (5.34 g, 18.3 mmol) at -78 °C was
vigorously stirred as THF (38 mL) was added dropwise via
cannula at -78 °C. As the THF was added, gas evolved. After 1.5
hours of the addition, the reaction was slowly warmed to room temperature. Once at
room temperature, the solution turned dark green and KTp (6.15 g, 18.3 mmol) was
added in one portion against a N2 flow. The reaction was then heated to 60 °C for 20
hours. After this time, the reaction was cooled to room temperature and a light green
precipitate was filtered and washed with copious amounts of MeCN to remove any red
impurities. The solid was dried then dissolved in refluxing 1,2-dichloroethane (400 mL)
for 3 hours. The reaction mixture was filtered to remove potassium chloride and the
filtrate was concentrated in vacuo to yield pure 4.8 as a light green solid (35%). ESI-MS:
m/z = 482.0 [M+] E1/2 = -0.898 V.

Oxomolybdenum diolate (4.9): In a 250 mL round bottom flask,
4.8 (700 mg, 1.46 mmol) was suspended in toluene (130 mL).
Ethylene glycol (453 mg, 7.29 mmol) and pyridine (1.15 g, 14.6
mmol) were added to the solution. The reaction was heated to 120
°C under N2 until the reaction turned red (ca. 3 hours). After this time, the reaction was
filtered and concentrated in vacuo. The crude material was chromatographed using
hexanes/ethyl acetate (3:1) as the mobile phase. The product eluted as a blue band (45%)
ESI-MS: m/z = 472.1 [M+] E1/2 = -1.58 V.
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Oxomolybdenum diolate (4.10): In a 500 mL round bottom
flask, 4.8 (1.00 g, 2.0 mmol) was suspended in toluene (200
mL). 3,3-Dimethyl-1,2-butanediol (1.85 g, 16 mmol) and
NEt3 (3.16 g, 32 mmol) were added to the solution. The
reaction was heated to 120 °C under N2 until the reaction turned red (ca. 3 hours). After
this time, the reaction was filtered and concentrated in vacuo. The crude material was
chromatographed using hexanes/ethyl acetate (3:1) as the mobile phase. The product
eluted as a blue band. (66%) ESI-MS: m/z = 528.1 [M+] E1/2 = -1.66 V.

Oxomolybdenum diolate (4.11): In a 100 mL round
bottom flask, 4.8 (211 mg, 0.440 mmol) was suspended in
toluene (60 mL) and heated to 50 °C. 1-Phenyl-1,2ethanediol (455 mg, 3.3 mmol) and NEt3 (1.27 g, 6.6
mmol) were added to the solution and the mixture was heated to 120 °C under N2 until
the reaction turned red (ca. 3 hours). After this time, the reaction was filtered and
concentrated in vacuo. The crude material was chromatographed using hexanes/ethyl
acetate (3:1) as the mobile phase. The product eluted as a blue/green band. (43%) ESIMS: m/z = 548.1 [M+] E1/2 = -1.56 V.
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Oxomolybdenum diolate (4.12): In a 100 mL round
bottom flask, 4.8 (250 mg, 0.52 mmol) was suspended in
toluene (50 mL). A suspension of 3-amino-1,2propanediol (142 mg, 1.6 mmol) and pyridine (247 mg,
3.1 mmol) in toluene (7 mL) was added to the solution. The reaction was heated to 120
°C under N2 until the reaction turned red (ca. 3 hours). After this time, the reaction was
filtered and concentrated in vacuo. The crude material was chromatographed using
hexanes/ethyl acetate (3:1) as the mobile phase. The product eluted as a blue band. (83%)
E1/2 = -1.60 V.

Oxomolybdenum diolate (4.13): In a 200 mL round bottom
flask, 4.8 (530 mg, 1.1 mmol) was suspended in toluene (50
mL). A suspension of 1,2-dodecanediol (335 mg, 1.7 mmol)
and NEt3 (334 mg, 3.3 mmol) in toluene (7 mL) was added
to the solution. The reaction was heated to 120 °C under N2 until the reaction turned red
(ca. 3 hours). After this time, the reaction was filtered and concentrated in vacuo. The
crude material was chromatographed using hexanes/ethyl acetate (3:1) as the mobile
phase. The product eluted as a blue band. (65%) ESI-MS: m/z = 612.2 [M+] E1/2 = -1.65
V.
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Oxomolybdenum diolate (4.14): In a 200 mL round bottom
flask, 4.8 (300 mg, 0.59 mmol) was suspended in toluene (60
mL). (R,R)-hydrobenzoin (1.00 g, 4.7 mmol) and NEt3 (1.72
g, 17 mmol) were added to the solution and the mixture was
heated to 120 °C under N2 until the reaction turned red (ca. 3 hours). After this time, the
reaction was filtered and concentrated in vacuo. The crude material was chromatographed
using hexanes/ethyl acetate (3:1) as the mobile phase. The product eluted as a green band
(57%) Crystals suitable for X-ray analysis were grown from vapor diffusion of ethanol
into a solution of 4.14 in dichloromethane. ESI-MS: m/z = 624.2 [M+] E1/2 = -1.53 V.

Oxomolybdenum diolate (4.15): In a 200 mL round bottom
flask, 4.8 (300 mg, 0.59 mmol) was suspended in toluene (60
mL). (S,S)-hydrobenzoin (1.00 g, 4.7 mmol) and NEt3 (1.72
g, 17 mmol) were added to the solution and the mixture was
heated to 120 °C under N2 until the reaction turned red (ca. 3 hours). After this time, the
reaction was filtered and concentrated in vacuo. The crude material was chromatographed
using hexanes/ethyl acetate (3:1) as the mobile phase. The product eluted as a green band
(57%) Crystals suitable for X-ray analysis were grown by vapor diffusion of pentane into
a solution of 4.15 in dichloromethane. ESI-MS: m/z = 624.2 [M+] E1/2 = -1.53 V.
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Representative Example of the Attempted 1e- Reduction Syntheses:
In a glovebox, to a solution of the diolate in THF (0.1 M) equipped with a glass-coated
stirbar was prepared. To this stirring solution was added dropwise an equimolar volume
of the reductant solution (titrated against phenol). The reaction stirred for 1 h at room
temperature. After this time, the solvent was evaporated and the remaining solid was
dissolved in d3-MeCN and a 1H NMR spectrum was collected. Only decomposition was
observed.

Tos3-tacn (4.17):59 In a 3-neck, 1 L round bottom flask, diethylene
triamine (2.76 g, 27 mmol) and p-toluenesulfonyl chloride (15.5 g,
81 mmol) were added to a suspension of potassium carbonate (14.2
g, 103 mmol) in water (300 mL). The flask was equipped with a reflux condenser and
heated to mild reflux in a heating mantle. After 1 h, xylenes (120 mL), sodium hydroxide
beads (10.0 g, 250 mmol) Bu4N-OH (2.6 mL, 30% wt. in water), and 1,2-dibromoethane
(8.72 g, 46 mmol) were added to the suspension at 90 °C. The mixture was heated for
another 30 hours. After 4 and 12 h, an additional portion of 1,2-dibromoethane (4 mL)
was added. As the reaction proceeded, a white solid precipitated out in the aqueous
phase. After 30 h, the reaction was cooled to room temperature, filtered on a Buchner
funnel, washed with water to give spectroscopically pure Tos3-tacn as a white solid (86
%). Spectral data were consistent with those in the literature.60
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Me3-tacn (4.18):59 In a 100 mL RBF, Tos3-tacn (7.40 g, 13 mmol)
was dissolved in concentrated sulfuric acid (16 mL). As the solid
was being dissolved, the solution turned black. The black solution
was stirred under N2 for 6.5 h at 150 °C. After this time, the sulfuric acid was slowly
neutralized to pH= 7 by addition of a 5M NaOH solution. Once neutral, formaldehyde
(17 mL, 37% wt. in water) and concentrated formic acid (16 mL) were added to the flask.
The solution was refluxed under N2 for 12 h. The solution was then quenched with excess
NaOH solution to ensure pH > 12 and extracted with chloroform. Concentration in vacuo
gave Me3-tacn as a light yellow oil (86%). Spectral data were consistent with those in the
literature.61

(Me3-tacn)-Mo(CO)3 (4.19):62

4.18 (1.58 g, 3.85 mmol) and

molybdenum hexacarbonyl (2.46 g, 3.85 mmol) were combined in a
100 mL round bottom flask. In a glovebox, PhMe (18 mL) was added
to the suspend the mixture. The flask was fitted with a reflux condenser and heated to 120
°C under N2 for 12 h. After this time, the reaction mixture was filtered and washed with
deionized H2O to give 4.19 as a brown solid (69%). Spectral data were consistent with
those in the literature.63
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(Me3-tacn)-Mo(I)3 (4.20):62 In a 100 mL round bottom flask, 4.19
(200 mg, 0.56 mmol) was dissolved in HI (14 mL, 57% wt soln.). The
mixture was heated to 130 °C for 5 h in the presence of air. After this
time, deionized H2O (20 mL) was added to the suspension and the solution was refluxed
for another 2 h. The solution was then cooled to room temperature and filtered to give
4.19 as a pure orange solid (65%).

[(Me3-tacn)-Mo(O)(I)2]PF6 (4.21):62 4.20 (898 mg, 1.4 mmol)
was dissolved in a solution of 7M solution of HNO3 (20 mL
HNO3, 25 mL H2O) in a 100 mL round bottom flask. The
reaction stirred for two hours open to air. After 2 h, the reaction was filtered to remove
iodine. A saturated solution of sodium hexafluorophosphate (ca. 2 g in 5 mL H2O) was
then added to the nitric acid solution and the product precipitated from the green solution.
Filtration and washing with distilled water gave 4.21 as a dark green solid (42%).

(Me3-tacn)-Mo(O)(I)2 (4.22):62 4.21 (86 mg, 0.13 mmol) was
dissolved in MeCN (10 mL). NEt3 (150 mg, 1.5 mmol) was added
dropwise to the green solution of 4.21. The reaction sat under N2
unstirred for 1 hour. After this time, pink/purple crystals precipitated, were filtered and
dried in vacuo to give 4.22 as a pink/purple solid (49%).
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Representative Example of Metathesis using Thalium(I) Ethoxide.
In a 20 mL vial, the thalium salt was added to a suspension of 4.22 in MeCN. The
mixture was refluxed for 10 hours, concentrated in vacuo to remove the MeCN. The
remaining black solution was dissolved in d3 MeCN and a 1H NMR spectrum was
collected. Only decomposition was observed.

Salan (4.29):64

To a 200 mL round bottom flask was added

salicylaldehyde (5.00 g, 40.9 mmol) dissolved in methanol (20 mL). A
solution of ethylene diamine (1.23 g, 20.4 mmol) in methanol (60 mL) was
added. Upon addition of the ethylene diamine solution, the reaction mixture
turned yellow and after ca. 5 min a yellow precipitate formed. After 10 min,
sodium borohydride (3.09 g, 81.8 mmol) was slowly added. After the reaction mixture
turned from yellow to white (ca. 1.5 h), the reaction was quenched with water (200 mL)
and extracted with dichloromethane to give spectroscopically pure product as a white
solid (37 %). Spectral data were consistent with those in the literature.65

Me2-Salan (4.30):64 To a 250 mL round bottom flask was added salan
(2.00 g, 7.3 mmol) dissolved in acetonitrile:acetic acid (140 mL, 7:1).
Formaldehyde (6.0 mL, 76 mmol, 37% wt. in water) was added and the
reaction stirred for 30 minutes at room temperature. After 30 min,
sodium borohydride (1.21 g, 32.0 mmol) was slowly added and the
mixture stirred an additional 12 hours at room temperature. After this time, the reaction
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mixture was hydrolyzed with aqueous sodium hydroxide and extracted with
dichloromethane to give spectroscopically pure product as a white solid (50%). Spectral
data were consistent with those in the literature.64

Me2-Salan molybdenumdioxide (4.31):64 In a 500 mL round bottom
flask, the ligand (3.1 g, 10 mmol) was suspended in MeCN (200 mL).
Mo (acac)2O2 (3.3 g, 10 mmol) was added to the solution . The reaction
stirred overnight at room temperature under a nitrogen atmosphere. The
yellow solid precipitated from the solution to give crude 4.31 as a
yellow solid. Recrystallization of the crude material in dichloromethane yields pure 4.31
as a yellow solid (50%). Crystals suitable for X-ray analysis were obtained from
recrystallization in dichloromethane. Spectral data were consistent with those in the
literature.64

Representative Procedure of Oxidant Screening for Oxidative Cleavage catalyzed
by Salan-MoO2.
In a J. Young tube, a mixture of 4.24 (2 mg, 0.008 mmol), (R,R)-hydrobenzoin (35 mg,
0.16 mmol), mesitylene (96 mg, 0.8 mmol) and the oxidant were suspended in d 8-toluene
(0.2 M). The suspension was degassed by freeze, pump, that and backfilled with N2 on
the final cycle (except when O2 was the oxidant. In this case, a balloon filled with O2 was
attached on the final cycle). The vial was placed in an oil bath at 120 °C for 5 h and a 1H
NMR experiment was performed immediately after cooling the solution to room
temperature.
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Representative Example of Oxidative Cleavage using Salan-MoO2 and molecular
oxygen as oxidant.
In a J. Young tube, a mixture of the catalyst (0.008 mmol), diol (0.16 mmol), and
mesitylene (96 mg, 0.8 mmol) were suspended in d8-toluene (0.2 M). The suspension was
degassed and an O2 balloon was attached on the final cycle. With the balloon still
attached, the vial was placed in an oil bath at 120 °C for 5 h and a 1H NMR experiment
was performed immediately after cooling the solution to room temperature.

Representative Example of Mo(CO)6 catalyzed DODH.
In a glovebox to a 10 mL vial, the diol (0.50 mmol), the Mo(CO)6 (0.025 mmol), the
mesitylene standard (30 mg, 0.25 mmol), and 4 Å molecular sieves (250 mg) were
suspended in degassed cyclohexanol (0.55 mL). The vial was sealed and placed in a preheated oil bath at 190 °C for 12 hours. After this time, the vile was cooled to room
temperature in an ice bath. Once at room temperature, CDCl3 (ca. 1 mL) was added to the
suspension. The reaction mixture was then filtered over celite and added to an NMR tube
for spectroscopic analysis.
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5.3 Crystallographic Information.
Crystal Information for Compound 4.14
A green rod shaped crystal of rmb4 (C29 H34 B Mo N6 O3, C2 H6 O) with approximate
dimensions 0.10 x 0.10 x 0.21 mm, was used for the X-ray crystallographic analysis. The
X-ray intensity data were measured at 298(2) K, on a Bruker SMART APEX CCD area
detector system equipped with a graphite monochromator and a MoK fine-focus sealed
tube ( = 0.71073Å) operated at 1600 watts power (50 kV, 32 mA). The detector was
placed at a distance of 5.8 cm from the crystal.

A total of 1650 frames were collected with a scan width of 0.3º in  and an exposure
time of 10 seconds/frame. The total data collection time was about 7 hours. The frames
were integrated with the Bruker SAINT software package using a narrow-frame
integration algorithm. The integration of the data using a Orthorhombic unit cell yielded a
total of 23759 reflections to a maximum  angle of 28.28 (0.90 Å resolution), of which
8289 were independent, completeness = 99.8%, Rint = 0.0485, Rsig = 0.0600 and 6913
were greater than 2(I). The final cell constants: a = 13.0073(14)Å, b = 15.7148(17)Å, c
= 16.5093(18)Å,  = 90°,  = 90°,  = 90°, volume = 3374.6(6)Å3, are based upon the
refinement of the XYZ-centroids of 3802

reflections above 20(I) with 2.377° <

<22.130°. Analysis of the data showed negligible decay during data collection. Data were
corrected for absorption effects using the multiscan technique (SADABS). The ratio of
minimum to maximum apparent transmission was 0.0905.
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The structure was solved and refined using the Bruker SHELXTL (Version 6.1) Software
Package, using the space group P2(1)2(1)2(1), with Z = 4 for the formula unit, C31 H40
B Mo N6 O4. The final anisotropic full-matrix least-squares refinement on F2 with 396
variables converged at R1 = 6.59%, for the observed data and wR2 = 19.71% for all data.
The goodness-of-fit was 1.120. The largest peak on the final difference map was 1.334 e/Å3 and the largest hole was -0.510 e-/Å3. Based on the final model, the calculated density
of the crystal is 1.314 g/cm3 and F(000) amounts to 1388 electrons.
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Empirical formula

C31 H40 B Mo N6 O4

Formula weight

667.44

Temperature

298(2) K

Wavelength

0.71073 Å

Crystal size

0.21 x 0.10 x 0.10 mm

Crystal habit

green rod

Crystal system

Orthorhombic

Space group

P2(1)2(1)2(1)

Unit cell dimensions

a = 13.0073(14) Å

b = 15.7148(17) Å

= 90°

c = 16.5093(18) Å

 = 90°

Volume
Z

= 90°

3374.6(6) Å3

4

Density (calculated)

1.314 g/cm3

Absorption coefficient

0.431 mm-1

F(000) 1388
______________________________________________________________________
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Crystal Information for Compound 4.15
A green rod shaped crystal of rmb5 (C29 H34 B Mo N6 O3, C H2 Cl2) with approximate
dimensions 0.12 x 0.15 x 0.23 mm, was used for the X-ray crystallographic analysis. The
X-ray intensity data were measured at 183(2) K, cooled by Rigaku-MSC X-Stream 2000,
on a Bruker SMART APEX CCD area detector system equipped with a graphite
monochromator and a MoK fine-focus sealed tube ( = 0.71073Å) operated at 1600
watts power (50 kV, 32 mA). The detector was placed at a distance of 5.8 cm from the
crystal.

A total of 1300 frames were collected with a scan width of 0.3º in  and an exposure
time of 5 seconds/frame. The total data collection time was about 5 hours. The frames
were integrated with the Bruker SAINT software package using a narrow-frame
integration algorithm. The integration of the data using a Orthorhombic unit cell yielded a
total of 23019 reflections to a maximum  angle of 28.28 (0.90 Å resolution), of which
8115 were independent, completeness = 99.7%, Rint = 0.0287, Rsig = 0.0356 and 7659
were greater than 2(I). The final cell constants: a = 12.9093(14)Å, b = 15.5817(18)Å, c
= 16.3219(18)Å,  = 90°,  = 90°,  = 90°, volume = 3283.1(6)Å3, are based upon the
refinement of the XYZ-centroids of 8068

reflections above 20(I) with 2.399° <

<28.230°. Analysis of the data showed negligible decay during data collection. Data were
corrected for absorption effects using the multiscan technique (SADABS). The ratio of
minimum to maximum apparent transmission was 0.7589.
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The structure was solved and refined using the Bruker SHELXTL (Version 6.1) Software
Package, using the space group P2(1)2(1)2(1), with Z = 4 for the formula unit, C30 H36
B Cl2 Mo N6 O3. The final anisotropic full-matrix least-squares refinement on F2 with
395 variables converged at R1 = 3.22%, for the observed data and wR2 = 7.58% for all
data. The goodness-of-fit was 1.053. The largest peak on the final difference map was
0.474 e-/Å3 and the largest hole was -0.399 e-/Å3. Based on the final model, the calculated
density of the crystal is 1.429 g/cm3 and F(000) amounts to 1452 electrons.
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Empirical formula

C30 H36 B Cl2 Mo N6 O3

Formula weight

706.30

Temperature

183(2) K

Wavelength

0.71073 Å

Crystal size

0.23 x 0.15 x 0.12 mm

Crystal habit

green rod

Crystal system

Orthorhombic

Space group

P2(1)2(1)2(1)

Unit cell dimensions

a = 12.9093(14) Å

b = 15.5817(18) Å

= 90°

c = 16.3219(18) Å

 = 90°

Volume
Z

= 90°

3283.1(6) Å3

4

Density (calculated)

1.429 g/cm3

Absorption coefficient

0.602 mm-1

F(000) 1452
______________________________________________________________________
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Crystal Information for Compound 4.24
A yellow plate shaped crystal of rmb9 (C18 H24 Mo N2 O4) with approximate
dimensions 0.07 x 0.17 x 0.20 mm, was used for the X-ray crystallographic analysis. The
X-ray intensity data were measured at 293(2) K, on a Bruker SMART APEX CCD area
detector system equipped with a graphite monochromator and a MoK fine-focus sealed
tube ( = 0.71073Å) operated at 1600 watts power (50 kV, 32 mA). The detector was
placed at a distance of 5.8 cm from the crystal.

A total of 1650 frames were collected with a scan width of 0.3º in  and an exposure
time of 10 seconds/frame. The total data collection time was about 7 hours. The frames
were integrated with the Bruker SAINT software package using a narrow-frame
integration algorithm. The integration of the data using a Monoclinic unit cell yielded a
total of 5965 reflections to a maximum  angle of 28.33 (0.90 Å resolution), of which
2263 were independent, completeness = 99.2%, Rint = 0.0183, Rsig = 0.0262 and 2099
were greater than 2(I). The final cell constants: a = 19.032(5)Å, b = 7.4455(19)Å, c =
14.861(4)Å,  = 90°,  = 119.592(4)°,  = 90°, volume = 1831.2(8)Å3, are based upon
the refinement of the XYZ-centroids of 2190 reflections above 20(I) with 2.462° <
<27.019°. Analysis of the data showed negligible decay during data collection. Data were
corrected for absorption effects using the multiscan technique (SADABS). The ratio of
minimum to maximum apparent transmission was 0.5930.

The structure was solved and refined using the Bruker SHELXTL (Version 6.1) Software
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Package, using the space group C2/c, with Z = 4 for the formula unit, C18 H24 Mo N2
O4. The final anisotropic full-matrix least-squares refinement on F2 with 115 variables
converged at R1 = 3.50%, for the observed data and wR2 = 8.76% for all data. The
goodness-of-fit was 1.043. The largest peak on the final difference map was 0.525 e-/Å3
and the largest hole was -0.831 e-/Å3. Based on the final model, the calculated density of
the crystal is 1.554 g/cm3 and F(000) amounts to 880 electrons.
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Empirical formula

C18 H24 Mo N2 O4

Formula weight

428.33

Temperature

293(2) K

Wavelength

0.71073 Å

Crystal size

0.20 x 0.17 x 0.07 mm

Crystal habit

yellow plate

Crystal system

Monoclinic

Space group

C2/c

Unit cell dimensions

a = 19.032(5) Å

b = 7.4455(19) Å

= 119.592(4)°

c = 14.861(4) Å

 = 90°

Volume
Z

= 90°

1831.2(8) Å3

4

Density (calculated)

1.554 g/cm3

Absorption coefficient

0.741 mm-1

F(000) 880
______________________________________________________________________
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