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ABSTRACT 

RUTHENIUM-PHENYLTERPYRIDINE AND RUTHENIUM-8-

QUINOLINETHIOLATE-PHENYLTERPYRIDINE COMPLEXES AS 

HOMOGENEOUS WATER AND HIGH TEMPERATURE STABLE 

HYDROGENATION CATALYSTS FOR BIOMASS DERIVED 

SUBSTRATES 

 

Ryan J. Sullivan      Advisor: 

University of Guelph, 2015     Professor Marcel Schlaf 

 

The successful development of homogeneous hydrodeoxygenation (HDO) catalysts having 

exceptional acid, water and high temperature stability could enable a large scale production of 

fuels and chemicals from renewable plant materials.  To this end [Ru(OH2)3(phterpy)](OTf)2 

(phterpy = 4'-phenyl-2,2':6',2"-terpyridine, OTf = trifluoromethanesulfonate) was prepared and 

evaluated as a catalyst for the HDO of biomass derived 2,5-hexanedione and 2,5-dimethylfuran.  

The catalyst produces mixtures of 2,5-dimethyltetrahydrofuran and 2,5-hexanediol from these 

substrates, but undergoes deactivation through formation of the thermodynamically more stable 

[Ru(phterpy)2](OTf)2 and deposition of Ru
0
 under the reaction conditions.  In an attempt to 

prevent this deactivation pathway [(Ru(NCMe)(QuS)(phterpy)](OTf) (QuS = 8-

quinolinethiolate) was prepared and the achievable TON was improved but the deactivation 

pathway was not prevented entirely.  In addition, the new catalyst showed improved selectivity 

for the production of 2,5-hexanediol and was capable of producing the potentially very valuable 

and otherwise extremely difficult to synthesize 2,5,8-nonanetriol from a renewable biomass-

based substrate. 
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1 Introduction 

1.1 Motivation 

 The current dependence of society on fossil fuels as both a source of energy and raw materials 

is undeniable.  Also evident is the fact that fossil fuels are a finite resource and eventually 

alternative strategies will need to be implemented to maintain current (and presumably higher) 

living standards for future generations.  For some energy needs, alternative sources such as 

electricity generated via hydro, solar, wind, nuclear or other technologies might be able to 

replace fossil fuels in the distant future. 

 Other energy needs however; notably those required for flight; require a chemical fuel of 

sufficiently high energy density (aviation fuel).  Replacement with an alternative energy source 

(electrical batteries, nuclear reactor, etc.) is not feasible while still leaving a plane both light and 

powerful enough to get off the ground.  The difference in energy density between petroleum-

based fuels and electrical power from transportable batteries is vast. 

 For example, a typical car can travel 480 km on 45 kg of gasoline while the same car could 

only travel  24 km on the energy stored in a 45 kg battery.
1
  That is a difference by a factor of 23!  

Even with significant improvements in electrical storage materials it seems highly unlikely that a 

plane with commercially or militarily useful dimensions, lift capacity, range and utility will ever 

be able to leave the ground powered by electricity. 

 Perhaps even more significant, the consumer products produced using fossil fuels as the input 

raw material cannot exist without a suitable replacement material.  The issue here is not a source 
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of energy, but the physical material used to produce the plastics, pharmaceuticals, cosmetics, 

synthetic fabrics, pesticides and other multitude of fine and specialty chemicals that society 

crucially depends on. 

 To meet this challenge, it is hypothesized that it is possible, in principle, to use biomass 

(plant-based) material to produce the same fuels and chemicals that are currently produced 

from fossil fuel resources. 

 In order to realize this assertion, the chemical modifications necessary to convert the desired 

biomass to useful intermediate and final products are very much opposite to those needed to 

work with fossil fuel inputs.  Fossil fuels (oil, coal, natural gas) are characterized by a saturation 

of generally unreactive C-H bonds, representative of an ‘under-functionalization’ problem.  In 

order to address this challenge > 150 years of research has been devoted to developing chemical 

processes such as hydration, amination, hydrolysis, oxidation, dehydrogenation and 

hydrocyanation for the introduction of more reactive functional groups.
2
 

 To use biomass as a raw material however, quite the opposite challenge exists.  Biomass 

substrates are inherently ‘over-functionalized’ bearing, in most cases, one oxygen atom on every 

carbon atom – hence the denotation carbohydrates.  This results in high and often uncontrollable 

reactivity making it challenging to use biomass substrates as direct feed-stocks for chemical 

processes.  In order to overcome this ‘over-functionalization’ problem it is therefore necessary to 

develop processes for the controlled and ideally selective removal of these oxygen-containing 

functional groups.
2
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 Significantly less research has been conducted in this area, with less than 20 years dedicated 

to the required dehydration, hydrogenation and hydrogenolysis transformations with biomass 

substrates.  Nonetheless, challenges are continually being overcome moving the possibility of 

biomass use as a viable alternative to fossil fuel consumption closer to a reality. 

1.2 Significance of Research 

 The 2014 ExxonMobil Energy Outlook predicted a 35% increase in global energy demand by 

2040, mostly resulting from increased energy demands by non-OECD nations over this time 

period.  This will result in the energy demand from developing nations nearly doubling that of 

OECD countries by 2040.  For comparison, the energy demand was roughly equal between 

developing nations and OECD countries in 2005.
1
  

 This is not to say that developing nations are expected to use more energy on a per-capita 

basis.  Even with this predicted increase in energy usage, developing countries will still consume 

60% less energy per capita than a person in an OECD nation in 2040.
1
  It is only reasonable to 

expect that the energy demand from the 85% of the world’s population living in these non-

OECD regions will continue to increase in the future as higher living standards are sought to 

match those of the developed world.  Therefore, the energy demand facing global resources over 

the next century can only be expected to continue to increase dramatically. 

 Meanwhile, ExxonMobil also predicts that the world’s crude and condensate reserves will be 

over 1/3 depleted by 2040.
1
  If this seems like a lot of resource still left untapped, consider that 

the large scale consumption of coal only began in the early 1800’s, oil in the early 1900’s and 
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natural gas in the mid 1900’s.  Couple that with continually increasing rates of extraction and use 

of these resources every year, and it begs the question, do we have another 200 years left? 

 As a result, the development of processes to convert biomass into a useable alternative for 

fossil fuels is of crucial importance now.  The technology needs to be developed today so that it 

can be utilized when it is needed in the not too distant future. 

 Conversion of biomass to fuels and chemicals is not just a matter of maintaining high living 

standards or continuing to fill landfills with discarded plastic waste.  The availability of heating 

fuels is a matter of life and death in cold climates.  Pharmaceuticals are essential for effective 

health care.  Aviation fuel is a strategic resource for nations’ militaries.  Arguably even more 

important, the ability to produce these and other crucial products without depending on 

international trade with countries that are lucky enough to have rich oil, gas or coal deposits can 

provide crucial self-sufficiency to nations across the globe, especially with continuing unrest in 

many ‘oil-rich’ regions of the planet, much of which appears to be directly related to their very 

‘oil-richness’ and the related international politics. 
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2 Literature Review 

2.1 Lignocellulosic Biomass  

 Lignocellulosic biomass, specifically non-edible lignocellulose, is a desirable material to use 

as a fossil fuel alternative.  It is the most abundantly produced renewable resource on the planet, 

with annual world-wide production estimated at 170× 109 tonnes per year, of which 75% by 

mass is carbohydrates.
3
  Lignocellulose is comprised of three major components.  The first of 

these is cellulose, a linear polymer of glucose monomers joined by β-1,4 glycosidic linkages with 

an average molecular weight in the range of 300 000 – 500 000 g mol
-1

.
3
  These linear polymers 

crystallize into strands called microfibrils that provide rigidity and strength to the plant cell 

wall.
4
  Cellulose makes up between 40 and 50% of lignocellulose depending on the plant 

species.
3
  

 The second component is hemi-cellulose, an amorphous polymer comprised of several sugar 

monomers, mainly the five-carbon sugar xylose but also mannose, glucose, galactose, rhamnose, 

arabinose and other pentoses and hexoses, many of which have a high degree of acetylation, and 

constitutes 16 – 3% of lignocellulose.
3,5

  

 Lastly, the third major component of lignocellulose is lignin, a complex macromolecule 

comprised of aromatic propyl catechol units joined by ether linkages and comprising the 

remaining 15 – 30%.
4,6

  Lignin and hemi-cellulose together act as a resin that binds together the 

microfibrils of cellulose, completing this highly sophisticated, composite material.  The general 

structure of lignocellulose is shown in Figure 1.
4,7
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 In addition to its highly complex molecular structure, lignocellulose in the naturally existing 

form of wood, straw, etc. is not ideally suited for use in existing infrastructure because it is 

bulky, has relatively low density and cannot be pumped through pipelines, making it expensive 

to transport.  Therefore, one approach to utilization of biomass as a chemical / fuel industry 

feedstock is to first overcome this transportation challenge by converting biomass into gases 

(gasification) or liquids (pyrolysis or liquefaction) and then approach the challenge of 

compositional complexity by processing and / or upgrading of the resulting product(s).
5
 

 

Figure 1:  Structure of lignocellulose. 

[Adapted from Ritter, S.K., C&EN News, 12/08/2008, Vol. 86, Number 49, p. 15 and references 4 and 7] 
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 Both gasification and pyrolysis involve strongly heating biomass in the absence of oxygen (1 

– 2 s contact time at temperature, ~1000 °C/s heating rates).  Gasification is performed in the 

temperature regime of 700 – 1000 °C to produce syngas, the composition (H2 : CO ratio) of 

which can be controlled via water-gas shift chemistry.  Syngas can be used in the Fisher-Tropsh 

process to produce long chain alkanes for fuel or as a feedstock for numerous other chemical 

processes such as methanol production, but the overall mass and energy balances of these 

processes are challenging and comparatively inefficient.
5
 

 Pyrolysis is performed at lower temperatures of 450 – 650 °C and results in the formation of 

bio oils, which are acidic solutions with a high water content composed of several hundred small 

organic molecules such as phenols, furans, carboxylic acids, ketones, aldehydes, alcohols, 

alkenes, etc.
8
  Bio oils produced in this manner are generally highly corrosive and have poor 

shelf lives due to the tendency to re-polymerize via uncontrolled condensation reactions.
5
  

Various catalysts have been investigated for bio oil upgrading to allow its use as a heating fuel, 

but the quality of upgraded bio oil is still much lower than existing petrochemical based fuels 

and feedstocks and issues with catalyst cost, life-time and the space-time yields of the upgrading 

process to date remain unressolved.
5,8

 

 Liquefaction is performed under a high pressure reducing atmosphere (50 – 200 bar H2 and / 

or CO) at 250 – 450 °C and in the presence of various catalysts.
5
  The product is a different type 

of bio oil with very low water solubility and a much lower oxygen content giving a higher 

energy density and less undesirable corrosiveness and reactivity compared to pyrolysis bio oils.  
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However, the required conditions present many technical difficulties and make large scale 

liquefaction even more cost inhibitive than pyrolysis.
5
 

 In addition to the mentioned short comings, another major drawback of these techniques is the 

extremely poor thermal efficiencies of all three processes.
5
  Therefore numerous alternative 

strategies where the challenge of lignocellulose’s complex composition is first addressed in a 

less energy intensive manner have also been investigated.  While this conceptual approach does 

not circumvent the expense of transporting bulky biomass raw materials by shipping / trucking, it 

does present the opportunity for production of unique value added chemicals and fuel / chemical 

industry feedstocks of equivalent quality to fossil fuel crude streams by the isolation of platform 

molecules via hydrolysis, fermentation, or various other techniques.
5,9

 

2.2 Platform Molecules from Biomass 

 In 2004 the US Department of Energy (DOE) released a report describing 15 target structures 

(despite becoming later known as the DOE “top 10” report) that were desirable to produce from 

carbohydrates in a bio-refinery in an attempt to provide focus to the rapidly growing field of 

industrial and academic research in the area.  Factors affecting the selection of structures 

included existence of known processes, economics of production, perceived industrial viability, 

market size, and ability to act as platforms for further modification to value added commodities 

and chemicals.
10

 

 The list contained succinic acid, fumaric acid, malic acid, 2,5-furan dicarboxylic acid, 3-

hydroxy propionic acid, aspartic acid, glucaric acid, glutamic acid, itaconic acid, levulinic acid, 
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3-hydroxybutyrolactone, glycerol, sorbitol, xylitol and arabinitol.
10

  The structures of these 15 

compounds are shown in Figure 2. 

 

Figure 2:  Structures of the 15 biomass platform molecules identified in the 2004 US DOE report. 

 

 In 2010 that list was revisited by Bozell and Petersen to reflect advances made over the six 

years since the DOE’s original report with the intention of reviewing progress made towards 

industrial production of the previously identified platform molecules, and identifying newly 

emerging platform molecules and technologies that did not exist six years earlier.
11

  

 The selection criteria for the updated list of platform molecules were as follows:
11

 

1) The compound has received considerable, recent attention in the literature 
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2) The compound is broadly applicable to multiple technologies and products 

3) The technologies provide direct substitutes for existing petrochemicals 

4) The technologies can be applied on a large scale 

5) The compound has strong potential as a platform for a variety of further products 

6) Scale up of compound production to pilot, demo or full scale is underway 

7) The bio-based compound is an existing commercial product prepared at intermediate or 

commodity levels 

8) The compound may serve as a primary building block in a bio-refinery 

9) Commercial production of the compound from renewable resources has been well 

established 

 After applying these considerations a revised list was developed comprising 13 bio-based 

platform molecules.  Many of the original US DOE 15 maintained their place on the list, but 

some were dropped and some new compounds were added.  The updated list now includes 

ethanol, furfural, hydroxymethylfurfural (HMF), 2,5-furandicarboxylic acid, glycerol, isoprene 

and other biohydrocarbons, lactic acid, succinic acid, 3-hydroxypropionic acid, levulinic acid, 

sorbitol and xylitol.
11

  The structures of new compounds added to the list are shown in Figure 3. 

 Hydroxymethylfurfural (HMF) and furfural are particularly intriguing substrates to target for 

upgrading to value added fuels and/or chemicals since they are available by simple thermal 

dehydration of hexoses (from cellulose) or pentoses (from hemi-cellulose) respectively.
12
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Further, efficient production of HMF directly by cellulose hydrolysis using acid catalysts, ionic 

liquids, biphasic conditions or other various approaches has been realized and intensive research 

activity continues in this area.
13-16

  Large scale production of furfural has been an industrial 

process since 1922 when Quaker Oats first began producing furfural via hydrolysis of oat hulls.
17

  

The most common feedstocks used currently for industrial furfural production are corn cobs and 

bagasse, although numerous other materials can be substituted.
17

 

 

Figure 3:  Structure of new additions to the list generated by Bozell and Petersen. 

 

2.3 Converting Biomass Platform Molecules into Fuels and Chemicals 

2.3.1 Chain Extension 

 To use biomass platform molecules as viable alternatives to crude fossil fuels it is desirable to 

make use of the existing infrastructure in industry as much as possible.  In the context of 

producing fuels and chemicals it is therefore highly desirable to convert these biomass substrates 

into a form that can be fed into existing petro-chemical refineries.  In this manner no processes 

downstream of the refinery would require modification, greatly reducing the overhead capital 

required to switch from fossil fuels to biomass feedstocks.  Furthermore, it would allow biomass 

to supplement fossil fuels and vice versa as required based on availability of inputs. 
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 To this end, there are two challenges that must be overcome.  The first of these is obviously 

the removal of the oxygen-containing functional groups.  The second challenge is the carbon 

chain extension of the biomass substrates.  Examination of the structures shown in Figure 2 and 

Figure 3 reveals the number of carbon atoms in these substrates to be ≤ 6.  Compared to gasoline 

(7 – 9 carbons), diesel (10 – 15 carbons) and aviation fuel (8 – 18 carbons) these substrates 

therefore have insufficient carbon chain lengths.
18

 

 There are different potential strategies to increase carbon chain length.  One is chain extension 

after complete hydrodeoxygenation (HDO) to short chain alkanes / alkenes (e.g. hexane / 

hexane).  This could be accomplished in existing petrochemical refineries via a combination of 

di- or tri-merization of alkenes or dehydrogenation followed by di- or tri-merization for alkanes. 

 An alternative strategy is chain extension before deoxygenation making use of the inherent 

reactivity imparted by the oxygen containing functional groups in the biomass substrates.  When 

followed by HDO, this would yield alkanes / alkenes with desired carbon chain lengths as a 

feedstock for the petrochemical refinery.  Heterogeneous processes have been developed on a lab 

scale to achieve this using HMF or furfural and performing aldol condensations with simple 

ketones such as acetone followed by HDO to produce alkanes in the gasoline, diesel and aviation 

fuel ranges respectively.  For example, aldol condensation(s) followed by hydrodeoxygenation 

was achieved in a one-pot process over a bifunctional, heterogeneous Pd-MgO/ZrO2 catalyst.
19

 

 A draw-back of using heterogeneous catalysis with biomass substrates however is the 

tendency towards surface poisoning.  Since the biomass substrates are highly polar sugars or 

sugar derivatives and condesates, caramelization and humin formation are ever-present side 
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reactions that result in the fouling, coking and hence rapid deactivation of heterogeneous 

catalysts.  To avoid this problem, the use of homogeneous catalysts may be preferable.
2
 

 Homogeneously catalyzed processes for aldol condensation of HMF with acetone to produce 

C9 or C15 adducts in high yield and selectivity have been developed using Zn(proline)2 type 

catalysts.
18

  The structure of these adducts is shown in Scheme 1.  Note that acetone is, in theory, 

available from renewable biomass on an industrial scale by anaerobic fermentation of starch 

using Clostridium acetobutylicum in the acetone-butanol-ethanol (ABE) fermentation process 

that was the main source of acetone prior to the 1950’s,
20,21

 or by ketonization of acetic acid, 

which can also be derived from biomass via ethanol.  Therefore, production of these higher 

carbon chain adducts is in principle possible solely from renewable biomass materials. 

 For application of biomass substrates to chemical rather than fuel production, chain extension 

is less crucial, and even total removal of oxygen containing functional groups may be 

unnecessary or even undesirable.  Production of high value chemicals can be envisioned from 

biomass substrates by selective, partial deoxygenation leading to bio-available products 

substituting existing petro-chemical derived materials or even the production of new products not 

easily accessible from crude oil.  For example, efficient production of long chain diols (e.g., 2,5-

hexanediol) from biomass could lead to renewable monomers for the production of high value 

polyesters and polyurethanes (i.e., a potential renewable substitute for 1,4-butanediol).  

Production of 2,5-dimethyltetrahydrofuran could yield a renewable substitute for tetrahydrofuran 

in solvent applications and is additionally a potentially valuable fuel additive.
22
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Scheme 1:  Production of C9 and C15 adducts from HMF via Aldol condensation using homogeneous catalysts. 

 

2.3.2 Hydrodeoxygenation 

 Common to all strategies discussed above (producing short chain alkanes / alkenes directly 

from biomass platform molecules, longer chain alkanes from aldol condensation adducts, or high 

value intermediates by partial HDO) is the need for a homogeneous catalyst to enable the 

necessary HDO chemistry. 

 To deal with the polyalcohol nature of biomass substrates this HDO chemistry is necessarily 

an iterative process, where oxygen ‘atoms’ are removed one after the other.   Of course removal 

of single atoms of oxygen is impossible, but the net effect can be achieved through subsequent 

acid catalyzed removal of water and metal catalyzed addition of hydrogen, as illustrated in 

Figure 4.  
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Figure 4:  Removal of oxygen via iterative dehydration and hydrogenation reactions. 

[Adapted from reference 2] 

 

 The set of reactions required to achieve this goal is actually quite limited and is summarized 

in Scheme 2.  It includes the dehydration of vicinal alcohols and subsequent hydrogenation of the 

resulting carbonyl groups, dehydration of alcohols and hydrogenation of the resulting alkene 

groups, hydrolysis of oxygen containing heterocycles to produce alcohols and subsequent 

dehydration, hydrogenation and lastly, hydrogenolysis of ethers and esters to produce alcohols 

and aldehydes, respectively, followed by dehydration, hydrogenation, etc.
6
 

 The hydrogenation of carbonyls and hydrogenolysis of ethers and / or esters occurs over 

highly polarized, C = O / C–O, bonds suggesting that the mechanism by which these reactions 

may proceed is likely ionic as summarized in Scheme 3.  In order to facilitate such a mechanism 

the transition metal centre in the proposed homogeneous catalyst must be able to heterolytically 

activate transiently coordinated dihydrogen, formally forming a proton and hydride.
6
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Scheme 2:  Reactions required for the deoxygenation of biomass substrates. 

 [Adapted from reference 2] 

 

 This requisite heterolytic activation of H2 can be accomplished, in principle, using a ligand 

supported, low spin, d
6
 metal centre and can be understood with the generic MO scheme shown 

in Figure 5.  As illustrated, the side-on coordination of dihydrogen to a metal shares many 

similarities with the Dewar-Chatt-Duncanson model for olefin coordination, with the exception 
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that H2 coordinates via σ and σ
*
 rather than π and π

*
 orbitals.  In this case, the σ orbital of the H2 

molecule donates electron density to the metal in a sigma type interaction and the σ
*
 orbital of 

the H2 molecule accepts electron density from the metal in a π type interaction.
23

 

 

Scheme 3:  Ionic hydrogenation mechanism. 

[Adapted from reference 2] 

 

 Both of these interactions result in a weakening and hence elongation of the H-H bond, 

therefore lowering of the pKa of the coordinated H2 molecule and favouring metal hydride 

formation via deprotonation.
24

  The extent of the pKa decrease is highly dependent on the 

identity of the metal and the electronic environment (ligands present).  It has been demonstrated 

that the pKa of dihydrogen bound to a Ru
2+

 centre can be lower than that of hydronium (as low as 

-2 compared to -1.74 for H3O
+
 in aqueous medium), allowing the efficient protonation of water 

and hydride ligand formation – i.e., the heterogeneous activation of dihydrogen in the necessarily 

aqueous medium.
25

  Further, a wide variety of ruthenium complexes have been demonstrated as 
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effective catalysts for hydrogenation of alkenes, ketones and/or aldehydes following an ionic 

hydrogenation mechanism.
26

  

 

Figure 5:  Generic MO scheme for coordination of H2 to a low spin, d6, metal centre. 

[Adapted from reference 24] 

 

2.3.3 Acid Co-Catalyst and Solvent Considerations 

 As is evident from the reactions shown in Scheme 2, an effective sugar alcohol dehydration is 

necessary for HDO chemistry.  This removal of oxygen as water from biomass substrates is acid 

catalyzed, requires T >> 150 °C and is in principle independent of the metal catalyst required for 

the subsequent hydrogenation reactions.
2
   However, the nature of the acid co-catalyst selected 

can have a large impact on the metal catalyst’s activity, i.e., the acid counterion must not 

deactivate the catalyst by coordinative inhibition.  Therefore, only non-coordinating acids are 

viable options, limiting the available set of possible acids to triflic, phosphoric, sulfuric or 

tungstic acid, or the water-soluble Lewis acidic lanthanum triflates Ln(OTf)3 (Ln = La, Ce, etc.).  
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Triflic acid is the strongest non-oxidizing acid available and is therefore an excellent candidate 

for initial investigations of the acid stability of potential catalysts and effect of added acid co-

catalyst on product distribution. 

 Additionally, since dehydration reactions produce water as a side product, both the acid and 

the metal catalyst must be water stable.  This required water stability also allows the potential 

use of water as the general reaction solvent.  Water is an ideal solvent since the biomass 

substrates (sugars) are highly polar and therefore water soluble.  Further, a potentially 

industrially relevant process for biomass HDO at the scale of fuel production requires a non-

coordinating, inexpensive, non-toxic, thermally stable and high boiling solvent, making water 

ideal.
2
  Alternative solvent options that meet the given criteria are also available and include 1,4-

dioxane, sulfolane, γ-valerolactone, ethanol and combinations of any of these with water.  

Moreover, γ-valerolactone and ethanol are readily available from renewable biomass. 

 An additional benefit of using water as a solvent is the potential to ‘build in’ ease of catalyst 

separation and reuse, thereby overcoming a general challenge for homogeneously catalyzed 

processes.
27

  Since the products of HDO reactions have greatly reduced functionality and are 

therefore much less polar, there is potential for spontaneous phase separation of the (total) 

deoxygenation products from the polar, catalyst containing phase.  This principle is illustrated in 

Figure 6.  Alternatively, there is also the potential for distillation of the much more volatile 

products out of the reaction media, therefore allowing ease of catalyst separation and recycling in 

this manner instead.
2
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Figure 6:  Ideal reaction system allowing catalyst recycling by phase separation of products. 

 

2.3.4 Achieving Acid, Water and High Temperature Stability 

 To meet the above requirements of acid, water and high-temperature stability, the selection of 

ligand(s) to support the metal centre in low, but non-zero oxidation state is of critical importance.  

For long-term stability under aqueous, acidic conditions, phosphorus donor atoms on the ligand 

are not a suitable option due to hydrolysis susceptibility.  Instead, the set of donor atoms is 

limited to oxygen, nitrogen or sulfur. 
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 For high-temperature stability the selection of donor atoms also plays a role.  Ru
2+

 is a 

relatively soft metal, and therefore soft donor atoms will form stronger bonds with ruthenium 

than hard donor atoms.  As a result, the incorporation of soft sulfur donor atoms in the ligand 

should result in greater temperature stability than with nitrogen or oxygen donor atoms alone.  

Incorporation of sulfur donor atoms in the form of thiolate groups also lends formal negative 

charge(s) to the ligand and therefore may result in stronger metal – ligand interactions for this 

reason as well. 

 Of potentially even greater significance is the number of bonds formed between the metal 

center and a given ligand.  A greater number of bonds will result in a larger complex formation 

constant and consequently higher temperature stability.  This is known as the chelate effect, and 

is a consequence of both entropy and enthalpy.  As illustrated in Figure 7, the complex formation 

constant will be larger for a complex that, all else being equal, has a higher degree of chelation 

due to entropy contributions.
28

   

 Furthermore, the preorganization of each donor atom around the metal centre, because of the 

chelating nature of the ligand, also results in slightly higher bond energies for each individual 

metal – donor atom bond than one would expect on the basis of chemically equivalent, 

monodentate ligands.  This enthalpy aspect of the chelate effect is a classic example of the whole 

exceeding the sum of its parts.
29,30
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Figure 7:  Effect of chelation on complex formation constant (K). 

 

2.3.5 Metal-Ligand Bifunctionality 

 Another criterion for ligand selection is the desire to strategically incorporate the possibility 

for metal-ligand bifunctionality in the catalyst.  Metal-ligand bifunctionality describes a reaction 

mechanism in which both the ligand and metal centre actively participate in the activation of a 

reagent or substrate, most typically hydrogen.  The first examples of metal-ligand bifunctional 

hydrogenation and transfer hydrogenation catalysts were pioneered by Shvo,
31-33

 Morris
34-37

 and 

Noyori.
38,39

  As an example, the metal-ligand bifunctional mechanism of the Shvo catalyst is 

summarized in Scheme 4.
33

 

 The main requirement to allow the possibility of metal-ligand bifunctionality in an ionic 

hydrogenation catalyst is the incorporation of a latent base in the outer coordination sphere.  This 

latent base can, in principle, increase the TOF of the catalyst by acting as a proton shuttle 

allowing delivery of both the proton and hydride to the substrate in a concerted or rapid, stepwise 
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manner, as summarized in Scheme 5.
2,40

   An interesting note is that the substrate need not 

coordinate directly with the metal centre in these mechanisms 

 

Scheme 4:  Metal-ligand bifuncitonal mechanism of Shvo catalyst for hydrogenation of carbonyl groups. 

 

. To maintain effective protonation of the ‘proton shuttle’ and efficient hydride formation it is 

desirable for the pKa of the latent base to be higher than that of the solvent and the pKa of η
2
-

bound H2 to be lower than that of the solvent.  Unfortunately, there is no reliable manner of 

calculating pKa values of transition metal complexes at this time, so this criterion cannot be 

incorporated into the rational design of catalysts prior to their evaluation. 
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Scheme 5:  Potential mechanisms of metal-ligand bifunctional ionic hydrogenation. 

 

2.4 Previously Investigated Catalyst Systems for Biomass Hydrodeoxygenation 

2.4.1 Heterogeneous Catalyst Systems 

 Many research efforts have focused on the use of conventional heterogeneous hydrogenation 

catalysts (e.g. Pd, Pt, Rh, Ru, Re, Ir, Cu, Ni, Mo, etc. typically supported on oxides such as SiO4, 

Al2O3, ZrO2 or carbon supports) to achieve the hydrodeoxygenation of biomass substrates.  

Starting with the seminal work of Descotes
12

 who used various noble metal catalysts 
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(2CuO·CrO3, Pd/C, Pt/C, Ru/C, PtO2, Raney Ni) to hydrogenate HMF to 2,5-

bis(hydroxymethyl)furan or 2,5-bis(hydroxymethyl)tetrahydrofuran and continuing with the 

research efforts of many groups there has been a great deal of progress in this field and many 

reviews are available on the subject.
5,41-46

 

 Select recent and promising examples include the production of linear alkanes in ~90% yield 

from aldol condensation adducts of HMF and acetone using Pd/C and La(OTf)3 in glacial acetic 

acid,
47

 efficient production of 2,5-dimethylfuran directly from fructose in a continuous, 2 step 

process utilizing first biphasic conditions (aqueous HCl / NaCl and 1-butanol) to produce HMF 

and then a Cu·Ru/C catalyst to produce 2,5-dimethylfuran in ~75% yield,
48

 direct production of 

n-hexane from ball-milled cellulose over a binary Ir-ReOx/SiO2 and HzSM-5 catalyst in biphasic 

water / n-dodecane in ~80% yield
49

 and production of n-hexane directly from softwood saw dust 

using a H4SiW12O40 modified Ru/C catalyst in biphasic water / n-decane in up to 40% yield 

(polyhexose content of the saw dust originally 58%).
50

 

 Although intensive research activity has been devoted to this area for the past ~15 years and 

great progress has been realized, no industrial application has to date been implemented beyond 

the pilot or demonstration plant scale (e.g., by Virent) due to the absence of economically viable 

catalyst systems stemming from the nature of the very polar biomass substrates that results in 

rapid catalyst deactivation by fouling and coking, therefore requiring frequent (energy intensive) 

reactivation cycles.
27
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2.4.2 Homogeneous Catalyst Systems 

 The use of homogeneous catalysts can, in theory, overcome this obstacle since a catalyst 

molecularly dispersed in solution is not susceptible to fouling or coking.
2
  Designing 

homogeneous systems to effect the desired transformations is however not without its own 

challenges, most notably the need for unprecedented acid, water and high-temperature 

stability.
2,6

 

 A complete summary of the various advantages and disadvantages of homogeneous versus 

heterogeneous catalysts, modified from the original comparison given by Cornils and 

Herrmann
51

 to reflect the conditions and substrates specific to biomass HDO is presented in 

Table 1.  Despite the potential benefits relatively less research effort has been devoted to the 

development of homogeneous catalysts capable of effecting the desired HDO transformations 

with biomass substrates.  

  The first reported use of homogeneous catalysts for HDO chemistry of biomass substrates 

was the conversion of glycerol to mixtures of 1,2-propanediol, 1,3-propanediol and 1-propanol in 

moderate yield using Rh(CO)2(acac) and H2WO4 under high pressure syn gas atmosphere (1:2 

CO : H2) at 200 °C.
52

  The high pressure of carbon monoxide was necessary to stabilize the Rh
I
 

centres against reduction to Rh
0
 under the reaction conditions.  Following this, Braca et al. used 

H[Ru(CO)3I3] (generated in situ from Ru(CO)4I2 and HI) under similar conditions to perform 

HDO of glycerol to propane, n-propanol and various ether derivatives (di-n-propyl ether, α-

glycerol-propyl ether, propyl propionate and small amounts of THF).
53

  The catalyst was also 
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evaluated for HDO of longer chain substrates glucose, fructose and xylose, and found to effect 

conversion to γ-valerolactone in up to 40% yield.
53

  Again, high pressures of CO were necessary 

to stabilize the metal in non-zero oxidation state.  A third example was developed by Drent et al. 

using a palladium diphosphine complex and methanesulfonic acid to achieve conversion of 

glycerol to mixtures of 1,3-propanediol, 1,2-propanediol and 1-propoanol under similar 

conditions.
54

 

Table 1:  Advantages and disadvantages of hetero- and homogeneous catalysis applied to HDO of biomass 

substrates.
27

 

 Heterogeneous Catalysis Homogeneous Catalysis 

Activity (rel. to metal content) Variable High 

Selectivity Variable Variable 

Reaction conditions Harsh Moderate to harsh 

Service life Long Variable 

Sensitivity to poisons High Low 

Diffusion limitations Can be a limiting factor None 

Catalyst recycling Straightforward Very challenging  

Temperature stability High Needs to be ‘designed in’. 

Stability against aqueous acids Typically low due to leaching and support 

degradation. 

Needs to be ‘designed in’. 

Sensitivity to coking High None 

Sensitivity to fouling High None 

Coordinative inhibition None Can be a limiting factor 

Electronic & steric design Not possible Rationally changeable 

Mechanistic understanding Very difficult Plausible and achievable 

 

 Schlaf et al. investigated [(cp
*
Ru(CO)2)2(µ-H)](OTf) (cp

*
 = pentamethylcyclopentadienyl) as 

a catalyst for HDO of 1,2-diols (model substrates for glycerol) and found high selectivity for 

terminal alcohol production in sulfolane solvent.
55,56

  Application of the catalyst to glycerol did 

not affect selective formation of a specific product however, leading instead to a mixture of 1,3-
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propanediol, 1-propanol, 1,2-propanediol and other unidentified products.
56

  Further, the catalyst 

was deactivated by water, a necessary by-product of the reaction. 

 Xie et al. then evaluated [cis-Ru(6,6'-Cl2-bipy)2(OH2)2](OTf)2 (6,6'-Cl2-bipy = 6,6'-dichloro-

2,2'-bipyridine), a hydrogenation catalyst originally developed by Lau et al.,
57,58

 as the next of 

several generations of catalysts examined in the Schlaf research group for glycerol 

hydrodeoxygenation in 9:1 sulfolane : water.  It was observed that product distribution (terminal 

alcohols vs. alkanes) from HDO of the model 1,2-diols was highly dependent on the amount of 

triflic acid co-catalyst added, with higher acid loads favouring total deoxygenation to alkanes.
59

  

Extension of the catalyst system to glycerol was ineffective for production of either the desired 

terminal diols or alkanes, instead leading to both catalyst and substrate decomposition at the 

minimal temperature of 150 °C necessary for the first glycerol dehydration.
59

 

 Modifications made by removing the chlorides from the bipyridine (bipy) ligand and then by 

substituting phenanthroline (phen) for bipyridine resulted in another two catalysts: 

[Ru(OH2)2(bipy)2](OTf)2 and [Ru(OH2)2(phen)2](OTf)2.  Both possessed lower HDO activity 

compared to the original Lau catalyst, but had increased temperature stability of up to 150 °C for 

[Ru(OH2)2(bipy)2](OTf)2 and 175 °C for [Ru(OH2)2(phen)2](OTf)2.
60

 

 Subsequently, [Ru(OH2)3(terpy)](OTf)2 and [Ru(OH2)3(phterpy) (terpy = 2,2':6',2"-

terpyridine, phterpy = 4'-phenyl-2,2':6',2"-terpyridine) were evaluated as HDO catalysts 

possessing tridentate rather than bidentate ligands.
60

  This resulted in high temperature stability 

(up to ~250 °C for the [Ru(OH2)3(phterpy)](OTf)2 system) and allowed near quantitative 
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production of propane from glycerol, but unfortunately not selective formation of the more 

valuable 1,3-propanediol.
60

 

 A family of complexes with the general form [(η
6
-arene)Ru(OH2)(N∩N)](OTf)n (η

6
-arene = 

p-Me-
i
Pr-C6H6, C6H6, N∩N = bipy, phen, 6,6'-diamino-bipy, 2,9-diamino-phen, n = 1,2) was 

evaluated and found to be moderately effective for transformation of 1,2-diols to primary 

alcohols but ineffective for HDO of glycerol, again due to insufficient thermal stability (catalyst 

decomposition due to loss of ligand above 110 °C ).
61

  These catalysts were also deactivated by 

water concentrations greater than 1% (by weight in the sulfolane solvent).
61

 

 In the last generation of catalysts the negatively charged, and therefore stronger binding, 

cyclopentadienyl (cp) or pentamethylcyclopentadienyl (cp
*
) ligands were substituted for the 

neutral η
6
-arene ligands in an attempt to increase thermal stability.  The catalysts, 

[cp
*
Ru(OH2)(N∩N)](OTf) (N∩N = bipy, phen) and [cpRu(NCMe)(N∩N)](OTf) (N∩N = bipy, 

6,6'-diamino-bipy) were all thermally stable at temperatures up to 200 °C and moderately 

effective for conversion of model 1,2-diols to terminal alcohols and/or alkanes.
40,62

  Application 

of the catalysts to HDO of glycerol proved ineffective for 1,3-propanediol production however, 

leading instead to formation of the total deoxygenation product propene.
62

  The general structure 

of each generation of Schlaf group catalyst for glycerol HDO summarized here is presented in 

Figure 8 

  The desired glycerol to 1,3-propanediol transformation by a homogeneous catalyst was 

ultimately realized by Lao et al. using the iridium pincer complex (
3
-5-NMe2-C6H2-1,3-



 

 

30 

 

(OP(
t
Bu)2)2)Ir(CO).

63,64
  Product selectivities of 1:4 1,3-propanediol : n-propanol at up to 45% 

glycerol conversion were realized in aqueous 1,4-dioxane solvent at 200 °C with 80 bar H2 and 

sulfuric acid cocatalyst after 48 h reaction time.
64

  Further, crude glycerol from biodiesel 

production could be used as a feedstock after simple neutralization / acidification of the alkaline 

crude with sulfuric acid.
64

  The proposed catalyst mechanism is shown in Figure 9.. 

 

Figure 8:  Structure of Schlaf group catalyst generations for HDO of glycerol. 

 

 Beyond glycerol, homogeneous catalysts have also been developed and evaluated for HDO of 

longer chain biomass substrates.  Ladipo et al. used the complexes [cis-Ru(6,6'-Cl2-

bipy)2(OH2)2]A2  (the Lau catalyst also used for glycerol HDO, vide supra) and [cis-Ru(4,4'-Cl2-

bipy)2(OH2)2]A2 (A = OTf or BArF, BArF = [B(3,5-(CF3)2C6H3)4]
-
) to effect conversion of 

furfural to furfuryl alcohol or tetrahydrofurfuryl alcohol in ethanol, sulfolane or N-

methylpyrolidine at temperatures ranging from 85 – 130 °C with 50 bar H2.
65

 

 Fabos et al. employed the Shvo catalyst to efficiently convert neat levulinic acid to γ-

valerolactone via transfer hydrogenation with formic acid at 100 °C with excellent catalyst 
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recyclability.
66

  Numerous other Ru or Ir based catalysts have also been used to affect this 

relatively facile transformation.  Notably, Li et al. achieved near quantitative yields and TON of 

> 70 000 with the iridium pincer catalyst shown in Figure 10, prepared in situ from 

[Ir(COE)2Cl]2 and the free ligand in EtOH at 100 °C with 50 bar H2.
67

 

 

Figure 9:  Proposed mechanism for glycerol HDO to 1,3-propanediol by iridium pincer catalyst. 

 

Figure 10:  Structure of catalyst used by Li et al. for hydrogenation of levulinic acid to γ-valerolactone. 
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 Geilen et al. used [RuH2(CO)(triphos)] (triphos = 1,1,1-tris(diphenylphosphino)ethane) 

prepared in situ from Ru(acac)3 and the triphos ligand to convert neat levulinic acid or itaconic 

acid to 1,4-pentanediol or 2-methyl-1,4-butanediol respectively in > 90% yield at 160 – 195 °C 

with 100 bar H2 over 18 h.
68

  Upon the addition of tosylic acid and NH4PF6 to the catalyst system 

conversion of the same substrates to 2-methyltetrahydrofuran or 3-methyltetrahydrofuran, 

respectively, was achieved with similar yield.
68,69

 

 Pasini et al. used the Shvo catalyst to quantitatively hydrogenate HMF to 2,5-

bis(hydroxymethyl)furan in toluene at 90 °C with 10 bar H2 over 1 h.
70

  Yang et al. used a 

catalyst system comprising RhCl3 with excess HI to produce 2,5-dimethyltetrahydrofuran (or 2-

methyltetrahydrofuran in the case of C5 substrates) directly from fructose, glucose, sucrose, 

cellulose, inulin or xylose in up to 80% yield in water at 140 °C with 20 bar H2 over 16 h.
22

  

While the exact identity of the catalyst could not be determined the aqueous phase could be 

filtered and recycled with similar results while substituting HCl or HBr for HI resulted in 

negligible dimethyl-THF production and deposition of Rh
0
.  Therefore it was concluded that the 

iodide anions served both a role as a ligand supporting the active rhodium complex / cluster and 

as the reductant generating I2 that was in turn reduced back to I
-
 by the Rh catalyst and H2.

22,71
  

 Oswin and Schlaf performed a comparative analyses of [Ru(OH2)3(dpa)](OTf)2 (dpa = 2,2'-

dipicolylamine) and [Ru(OH2)3(phterpy)](OTf)2 (as previously used for glycerol HDO, vide 

supra) for the conversion of 2,5-hexanedione to 2,5-hexanediol, and levulinic acid to γ-

valerolactone in water at 150 °C with 55 bar H2 over 16 h.
72

  It was found that the Ru-dpa 

catalyst was much more active for these transformations and this was attributed to the presence 
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of a metal-ligand bifunctional hydrogenation mechanism for this catalyst not present in the Ru-

phterpy system.
72

 

 Minard and Schlaf found [Ru(bambiby)(OH2)2](OTf)2 (bambipy = 6,6'-bis(aminomethyl)-

2,2'-bipyridine) prepared in situ from [Ru(DMF)6](OTf)3 (DMF = N,N-dimethylformamide) to 

be effective for the HDO of 2,5-hexanedione and 2,5-dimethylfuran to mixtures of 2,5-

hexanediol and 2,5-dimethyltetrahydrofuran in water at 200 °C with 55 bar H2 over 16 h 

however the catalyst became deactivated after only one use.
73

  

 Common to all catalyst systems discussed above for substrates of longer chain length than 

glycerol is the inability to effect total HDO (i.e., alkane / alkene production).  While partial 

deoxygenation can be desirable and lead to very valuable products as discussed previously, the 

total HDO of long chain biomass substrates is sought after for fuel production.  One example of 

homogeneously catalyzed hexane production from glucose has been demonstrated by 

McLaughlin et al., using the iridium pincer catalyst [(POCOP)Ir(acetone)(H)][B(C6F5)4] 

(POCOP = 2,6-(OP(
t
Bu)2)C6H3) with excess diethylsilane (Et2SiH2) as the reductant.

74,75
  The 

high cost of silanes and the resulting poor atom efficiency from stoichiometric production of 

siloxane waste however unfortunately prevents this result from having any potential large scale 

applications. 
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3 [Ru(OH2)3(phterpy)](OTf)2 Catalyst 

3.1 Rationale 

 It was hypothesized that the [Ru(OH2)3(phterpy)](OTf)2 (1) catalyst previously tested by 

Taher et al.
60

 for complete HDO of glycerol to propane and Oswin
72

 for partial HDO of levulinic 

acid to γ-valerolactone possessed the necessary temperature stability to allow hexane production 

from C6 biomass substrates.  Oswin had only observed partial HDO for C5 and C6 substrates, but 

had also only evaluated the catalyst at 150 °C whereas Taher et al. reported the temperature 

stability to be ~250 °C.  Therefore, continuing a project initially started by Benjamin Chung, a 

co-op student in the group, complex 1 was evaluated at higher temperatures for conversion of 

potential biomass substrates 2,5-hexanedione and 2,5-dimethylfuran, in principle accessible from 

cellulose via the value chain shown in Scheme 6, to (total) deoxygenated products. 

3.2 Catalyst synthesis 

 [Ru(OH2)3(phterpy)](OTf)2 was synthesized as reported by Taher et al. and the reactions are 

summarized in Scheme 7.
60

  Phterpy was prepared by condensation of benzaldehyde with 2 eq. 

of 2-acetylpyridine followed by treatment with ammonium hydroxide in glacial acetic acid.  

RuCl3(phterpy) was prepared by reaction of RuCl3·xH2O with phterpy in EtOH.  Treatment with 

AgOTf then reduction with Zn yielded [Ru(OH2)3(phterpy)](OTf)2 as an air stable, purple 

powder. 
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Scheme 6:  C6 value chain from cellulose to value added fuels and / or chemicals.
a 

apathways from cellulose to 2,5-dimethylfuran have been realized via heterogeneous catalysis9,48 

 

3.3 Results 

3.3.1 HDO of 2,5-hexanedione in water 

 The results of HDO of 2,5-hexanedione catalyzed by 1 are summarized in Table 2.  The 

catalyst is capable of converting 2,5-hexanedione to mixtures of 2,5-hexanediol and 2,5-

dimethyltetrahydrofuran (2,5-DMTHF) as major products.  Higher temperatures (200 – 225 °C) 

favor 2,5-DMTHF as the dominant product in up to 80% yield.  The best combined yield was 

achieved at 200 °C with 80% 2,5-DMTHF and 14% 2,5-hexanediol.  The best results were 
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arguably realized at 225 °C however, when a phase separated layer of 2,5-DMTHF with traces of 

hexanes was present after the reaction, partially realizing the goal summarized in Figure 6 of a 

polar, catalyst containing medium from which the less polar HDO products spontaneously phase 

separate for ease of catalyst separation. 

 

Scheme 7:  [Ru(OH2)3(phterpy)](OTf)2 synthesis. 

 

 In all cases the initially deep purple reaction solutions of 1 were cherry red after reaction, and 

these red solutions showed no catalytic activity toward the substrate (entry 6).  Therefore, the 



 

 

37 

 

maximum TON observed for the catalyst is 2000 and the lower limit for the TOF is 125 h
-1

.
a
  

The deficiency in mass balance observed in almost all reactions was a result of gas phase 

decomposition of the volatile substrates / products in the headspace of the reactor, formation of 

non-volatile condensation products (humins) that gradually precipitated as fine brown solids 

from the spent reaction solutions and, where applicable, partitioning of hexane produced into the 

gas phase as observed by micro-GC analysis of the reactor headspace from reactions producing 

hexane. 

Table 2:  Results of HDO of 2,5-hexanedione by 1 in water. 

entry
a 

T [ 

°C] 

2,5-HD
b 

[%] 

2,5-DMTHF
b 

[%] 

2,5-HDO
b 

[%] 

HEX
b
 

[%] 

HXO
b
 

[%] 

HMA
b 

[%] 

SA
b 

[%] 

MBD
b 

[%] 

phase 

sep. 

1
c 

150 8 17 45 0 0 6 0 24 N 

2 175 0 25 69 0 0 1 0 4 N 

3 200 2 80 14 0 0 3 0 1 N 

4 225 6 78 0 3 2 2 0 9 Y 

5
d 

225 81 1 0 0 0 0 0 18 N 

6
e 

225 69 3 0 0 1 3 2 21 N 
aReaction conditions: 2,5-hexanedione [1000 mmol/L] in water, 55 bar (800 psi) H2 (g), dimethylsulfone (ISTD) [100 mmol/L], catalyst load [1 
mmol/L = 0.1% w.r.t. substrate], reaction time = 16 h.  bBy quant. GC-FID; ±1%; 2,5-HD = 2,5-hexanedione; 2,5-DMTHF = 2,5-

dimethyltetrahydrofuran; 2,5-HDO = 2,5-hexanediol; HEX = hexanes; HXO = 2-hexanone; HMA = hemiacetal = 2-hydroxy-2,5-

dimethyltetrahydrofuran; SA = self Aldol products = 3-methyl-3-cyclopentene-1-one and 3-methyl-2-cyclopentene-1-one; MBD = mass balance 
deficiency: gas phase products and substrate decomposition to polymers and solids (humins) not quantifiable by GC.  dExperiment performed by 

Ben Chung.  cControl reaction without catalyst.  eExperiment performed using the cherry red aqueous phase from entry 5 with fresh substrate 

added to assess recyclability of the catalyst solution. 

  

3.3.2 HDO of 2,5-dimethylfuran in water 

 Moving one step closer to cellulose in the value chain shown in Scheme 6, the ability of 1 to 

effect HDO of 2,5-dimethylfuran (2,5-DMF) was evaluated in water and the results are 

                                                 
a
 TON calculated based on 2 eq. of H2 added to each substrate molecule, 0.1% cat load w.r.t. substrate, near 

quantitative yield of hydrogenated products at 200 °C. TOF estimated based on TON = 2000 and reaction time of 16 

h.  The actual TOF could be considerably larger if the majority of hydrogenation occurs in the first couple hours, 

however the determination of the exact TOF would require in depth kinetic experiments that are not justified for this 

only moderately active catalyst. 
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summarized in Table 3.  Unlike 2,5-hexandione, 2,5-DMF is insoluble in water at room 

temperature, and as a result the extent of substrate decomposition was much higher with this 

substrate. The best result was achieved at 200 °C yielding 55% 2,5-DMTHF and 12% 2,5-

hexanediol.  Higher temperatures led to increased formation of polymeric decomposition 

products (i.e., humins). 

Table 3:  Results of HDO of 2,5-DMF by 1 in water with and without added TfOH. 

entry
a 

T [ 

°C] 

HOTf  

[% w.r.t. 

substrate] 

2,5-

DMF
b 

[%] 

2,5-

HD
b 

[%] 

2,5-

DMTHF
b 

[%] 

2,5-

HDO
b 

[%] 

 

HEX
b 

[%] 

 

HXO
b 

[%] 

 

HMA
b 

[%] 

 

SA
b 

[%] 

 

MBD
b 

[%] 

1
c 

150 0 47 0 4 7 0 0 0 0 41 

2 175 0 0 22 14 19 0 0 8 2 34 

3 200 0 0 3 55 12 0 0 4 0 27 

4
e 

225 0 0 12 48 0 2 3 3 0 32 

5
d 

225
 

0 1 82 1 0 0 0 0 0 16 

6
 

200 0.1 0 47 8 0 0 0 5 0 40 

7
d 

200
 

0.1 2 83 6 0 0 0 0 0 9 

8
f 

225 0.1 1 16 40 0 4 8 3 0 28 

9
f 

225 0.5 1 40 3 0 0 6 0 0 49 

10
g 

225 0.1 0 49 6 0 0 0 2 0 43 
aReaction conditions: 2,5-dimethylfuran [1000 mmol/L] in water, 55 bar (800 psi) H2 (g), dimethylsulfone (ISTD) [100 mmol/L], catalyst load [1 

mmol/L = 0.1% w.r.t. substrate], reaction time = 16 h.  bBy quant. GC-FID; ±1%; 2,5-DMF = 2,5-dimethylfuran; 2,5-HD = 2,5-hexanedione; 2,5-

DMTHF = 2,5-dimethyltetrahydrofuran; 2,5-HDO = 2,5-hexanediol; HEX = hexanes; HXO = 2-hexanone; HMA = hemiacetal = 2-hydroxy-2,5-

dimethyltetrahydrofuran; SA = self Aldol products = 3-methyl-3-cyclopentene-1-one and 3-methyl-2-cyclopentene-1-one; MBD = mass balance 

deficiency: gas phase products and substrate decomposition to polymers and solids (humins) not quantifiable by GC.  cExperiment performed by 
Ben Chung.  dControl reaction without catalyst.  esolids (polymerization) present after reaction.  fCatalyst decomposed to shiny blue Ru0 reactor 

coating.  gRu0 control reaction without fresh catalyst using reactor coating from entry 8. 

 

 The addition of triflic acid at this optimum temperature, even at the low loading of 1 eq. w.r.t. 

ruthenium, resulted in almost complete deactivation of 1 and increased substrate decomposition.  

Raising the temperature to 225 °C with 1 eq. TfOH w.r.t. Ru resulted in some 2,5-DMTHF 

production and traces of hexane, but also catalyst decomposition as evident from a shiny blue 

Ru
0
 reactor coating present after reaction.  This coating was however inactive for HDO of the 

substrate (entry 10), suggesting that catalysis was not heterogeneous in nature.  Higher acid loads 



 

 

39 

 

completely deactivated 1, (entry 9).  The addition of acid also strongly favored 2,5-DMTHF 

production, with no 2,5-hexanediol observed in any reaction with acid present. 

3.3.3 HDO of 2,5-dimethylfuran in 5:1 1,4-dioxane : water 

 In an attempt to minimize the extent of substrate decomposition, 1 was evaluated for HDO of 

2,5-DMF in a solvent system capable of dissolving both the catalyst and the substrate at room 

temperature.  Taher et al. reported glycerol HDO to propane using the solvent system 9:1 

sulfolane : water which was capable of dissolving both the substrate and catalyst.  Work done by 

Chung however had shown that 1 was not active for 2,5-dimethylfuran HDO in this solvent 

system.
76

  An azeotropic mixture of 1,4-dioxane : water (5:1) was therefore investigated as an 

alternate solvent system capable of dissolving both 1 and the substrate.  Results for HDO of 2,5-

DMF in this solvent system are summarized in Table 4. 

Table 4: Results of HDO of 2,5-DMF by 1 in 5:1 1,4-dioxane : water. 

entrya T [ 

°C] 

time 

[h] 

cat. load 

[% w.r.t. 

substrate] 

acid/base  

[% w.r.t. 

substrate] 

2,5-

DMFb 

[%] 

2,5-

HDb 

[%] 

2,5-

DMTHFb 

[%] 

2,5-

HDOb 

[%] 

 

HEXb 

[%] 

 

HXOb 

[%] 

 

HMAb 

[%] 

 

SAb 

[%] 

 

MBDb 

[%] 

1 175 16 0.1 0 15 35 14 6 0 0 3 7 21 

2 200 16 0.1 0 6 44 17 0 0 0 1 5 27 

3 225 16 0.1 0 9 46 11 0 0 2 0 3 30 

4c 225 16 0.1 0 83 3 0 0 0 0 0 0 13 

5 225 16 0.1 0.5/HOTf 8 41 9 0 1 3 0 1 38 

6 225 16 0.1 0.1/HOTf 3 19 26 0 5 10 0 2 35 

7 225 16 0.1 0.1/KOH 5 31 12 1 0 1 2 10 38 

8 225 16 0.1 0.5/KOH 64 2 2 8 0 0 1 1 22 

9 225 40 0.1 0 0 0 78 0 3 0 0 0 19 

10 238d 16 0.1 0 0 1 71 0 4 0 1 0 24 

11 225 16 0.25 0 0 1 44 0 11 3 0 0 41 
aReaction conditions: 2,5-dimethylfuran [1000 mmol/L] in 5:1 1,4-dioxane : water, 55 bar (800 psi) H2 (g), dimethylsulfone (ISTD) [100 mmol/L], 

catalyst load [1 mmol/L = 0.1% w.r.t. substrate], reaction time = 16 h.  bBy quant. GC-FID; ±1%; 2,5-DMF = 2,5-dimethylfuran; 2,5-HD = 2,5-

hexanedione; 2,5-DMTHF = 2,5-dimethyltetrahydrofuran; 2,5-HDO = 2,5-hexanediol; HEX = hexanes; HXO = 2-hexanone; HMA = hemiacetal 
= 2-hydroxy-2,5-dimethyltetrahydrofuran; SA = self Aldol products = 3-methyl-3-cyclopentene-1-one and 3-methyl-2-cyclopentene-1-one; MBD 

= mass balance deficiency: gas phase products and substrate decomposition to polymers and solids (humins) not quantifiable by GC.  cControl 

reaction without catalyst.  dMaximum sustained internal temperature attainable on equipment available at time of study. 
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 The activity of 1 is lower in this solvent system compared to water, but the decomposition of 

the substrate is also greatly mitigated.  Extended reaction time (entry 9) or increasing the reaction 

temperature to 238 °C (entry 10) allowed production of 2,5-DMTHF with yields similar to those 

achieved from 2,5-hexanedione.  Adjustment of the pH through the addition of either acid or 

base co-catalysts deactivated 1 and increased substrate decomposition.  Lastly, increasing the 

catalyst load to 0.25% w.r.t. substrate resulted in 11% yield of hexanes, but also increased the 

extent of substrate decomposition (entry 11).  As with reactions in water, the initial deep purple 

solutions were cherry red after reaction. 

3.3.4 Formation of [Ru(phterpy)2](OTf)2 

  Deep red crystals grew out spent reaction solutions after several weeks and where identified 

as [Ru(phterpy)2](OTf)2 (2) by single crystal XRD and ESI-MS.  The ORTEP drawing of the 

[Ru(phterpy)2]
2+

 cation is shown in Figure 11 and the mass spectrum of the complex is shown in 

Figure 12.  This complex is thermally highly stable under the reaction conditions, likely the 

thermodynamic sink for the system, and exhibited no catalytic activity for substrate HDO.  

Additionally, solutions of 2 in water, acetonitrile or MeOH were air stable for several months 

with no observed degradation or oxidation to Ru
(III)

.  

3.3.5 Attempts at increasing TON using CO ligands 

 Taher et al. observed yellow solutions after glycerol HDO catalyzed by 1 and proposed that 

the active catalyst was actually [Ru(phterpy)(CO)(OH2)2](OTf)2 formed in situ by 

decarbonylation of intermediate aldehydes generated from the substrate.  They isolated and 
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characterized the dimeric [(Ru(phterpy)(CO))2(µ-OCH3)2](OTf)2 by single crystal XRD from an 

analogous HDO reaction in MeOH.
60

  Upon heating the spent yellow solutions to T > 200 °C the 

colour was observed to revert back to deep purple, and the authors hypothesized this was thermal 

loss of CO.  Further, spent reaction solutions could be reused multiple times without loss of 

activity, in contrast to the red solutions of [Ru(phterpy)2](OTf)2 produced in the current work.  

Therefore it was hypothesized that the presence of CO in the reaction media may provide access 

to a stable resting state and extend the life of the [Ru(OH2)3(phterpy)](OTf)2 catalyst through 

formation of dimers rather than bis-chelates. 

 

Figure 11:  ORTEP drawing of the cation in the crystal structure of [Ru(phterpy)2](OTf)2·(H2O)·0.5 (trans-2,5-

DMTHF).  Thermal ellipsoids are shown at 50% probability level. 

 

 The reaction of 2,5-DMF in water at 200 °C was repeated with the addition of 5% propanal 

w.r.t. substrate as a source of CO.  After the reaction the solution was orange rather than red and 

the product distribution of 2,5-DMTHF and 2,5-hexanediol was in good agreement with the 
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results from the previous experiment in the absence of propanal (i.e., the presence of propanal 

did not negatively impact the catalyst).  Unfortunately this orange solution showed negligible 

ability to further effect any HDO of fresh added 2,5-DMF. 

 

Figure 12:  ESI-MS spectrum of [Ru(phterpy)2](OTf)2 (MeOH solution, +ve ionization mode). 

  

 From the orange colour of the solution it was theorized that some of the yellow carbonyl 

dimer had formed but the majority of the catalyst still decomposed to the red bis-chelate 

[Ru(phterpy)2](OTf)2.  It was therefore theorized that a higher partial pressure of CO might be 

able to stabilize more of the active catalyst in a dimeric resting state and allow recyclability.  The 
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HDO of 2,5-DMF in water at 200 °C was subsequently repeated once more with 7 bar (100 psi) 

of CO added after pressurization to 55 bar (800 psi) with H2.  The reaction resulted in a purple 

solution after reaction, however no HDO products were observed, so this strategy was also 

unsuccessful for preservation of an active catalyst.  Raman spectroscopy of the aqueous solution 

after reaction did not show any Ru-CO metal carbonyl frequencies. 

3.4 Discussion 

 Complex 1 showed good HDO activity towards 2,5-hexanedione in water for the production 

of 2,5-DMTHF, a bio-renewable solvent alternative to THF and potential fuel additive, and 2,5-

hexanediol, a potential bio-renewable polymer linker in high combined yield.  Further, the 

production of traces of hexanes at 225 °C supported the hypothesis that it is, in principle, 

possible to produce alkanes from biomass substrates using a homogeneous catalyst.  The more 

challenging substrate 2,5-DMF, one step closer to cellulose on the C6 value chain, was also 

converted to 2,5-DMTHF and 2,5-hexanediol by 1 in water, but substrate decomposition 

appeared to be in direct competition with desired product formation. 

 The presence of 2,5-hexanedione in nearly all reactions starting from 2,5-dimethylfuran but 

absence of 2,5-DMF in reactions starting from 2,5-hexanedione suggests that condensation of 

2,5-hexanedione to 2,5-DMF followed by hydrogenation to 2,5-DMTHF is unlikely.  Rather the 

actual hydrogenation substrate in all reactions is 2,5-hexanedione, and hydrolysis of 2,5-DMF by 

the (aqueous) solvent is required first to allow hydrogenation of this substrate.  In combination 

with the temperature and acid dependence of the 2,5-hexanediol / 2,5-DMTHF product 
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distribution, this supports the simplified reaction pathway shown in Scheme 8 where 2,5-

hexanedione is hydrogenated to 2,5-hexanediol followed by (acid catalyzed) condensation to 2,5-

DMTHF.  Of course the actual reaction pathways are much more complicated as evident from 

the presence of other reaction products and are better summarized in Scheme 9. 

 

Scheme 8:  Simplified reaction pathway for production of 2,5-hexanediol and 2,5-DMTHF from 2,5-DMF or 2,5-

hexanedione. 

 

 Deactivation of 1 and colour change from deep purple to cherry red after one catalyst use was 

due to [Ru(phterpy)2](OTf)2 (2) formation.  This bis-chelate complex is coordinatively saturated 

and therefore incapable of coordinating and activating hydrogen gas for reaction with substrates.  

Formation of this species necessarily required loss of one equivalent of ruthenium and 

subsequent deposition of Ru
0
, however control reactions showed that Ru

0
 deposited on the 

reactor surfaces by catalyst decomposition was not an active catalyst for HDO of the substrates 

(entry 10, Table 3).  Since supported ruthenium catalysts (e.g. Ru/C) are very active 

hydrogenation catalysts the lack of activity observed for Ru
0
 deposits in the reactor is likely due 

to the absence of such a support and the consequently low surface area of exposed metal. 
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Scheme 9:  Reaction pathways for HDO of 2,5-hexanedione and 2,5-DMF catalyzed by 1. 

 

 Complex 2 exhibited exceptional thermal stability, as evident from the complete lack of 

activity for HDO of fresh substrate (entry 6, Table 2), pointing to the conclusion that once 
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formed, neither ligand from 2 dissociates to any appreciable amount at 225 °C (i.e., the active 

complex 1 is not reformed from 2 by thermal loss of one phterpy ligand).  At first this 

observation appears to be in direct contradiction with the observation that 2 forms from 1 at 

temperatures as low as 150 °C, since this necessarily required the dissociation of phterpy from a 

Ru
(II)

 centre to generate the free ligand.  This apparent discrepancy can be rationalized through 

coordination of ligands with strong trans-effect, specifically H
-
, on Ru during the expected 

catalytic cycle as shown in Scheme 10. 

 The addition of sources of CO to the reaction did not prevent deactivation of the catalyst 

through formation of a stable dimeric resting state as was previously observed by Taher et al. 

during HDO of glycerol with 1.
60

  The use of high pressures of CO resulted in deactivation of the 

catalyst, but also prevention of the colour change associated with formation of 2.  This was 

presumably a result of coordinative inhibition of the strong CO ligands preventing H2 

coordination and forming some sort of ruthenium-phterpy-carbonyl species, however no direct 

evidence for formation of Ru-CO bonds was observed in the Raman spectrum of the solution 

after reaction.  This may suggest that when the partial pressure of CO was removed species 1 

reformed by loss of CO, however this does not offer any benefit for addressing the problem of 

catalyst deactivation under conditions when the catalyst is active. 
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Scheme 10:  Possible catalytic cycle for HDO of carbonyl substrates by 1 including catalyst deactivation pathway. 
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3.5 Conclusions 

 The tridentate phterpy ligand is insufficient to effectively stabilize Ru
(II)

 against reduction to 

Ru
0
 in the ratio 1:1 ligand : metal, however in the ratio 2:1 ligand : metal the formation of the 

extremely stable bis-chelate complex 2 is observed with no indication of ligand dissociation at 

225 °C.  Therefore, potential for a thermally stable catalyst utilizing the phterpy ligand on Ru
(II)

 

exists, but formation of the catalytically inactive 2 must be prevented to extend the lifetime 

(TON) of the catalyst.  CO is unable to prevent formation of 2 without deactivating 1, likely via 

coordinative inhibition.  Therefore, it can be hypothesized that use of a bidentate ligand in 

combination with phterpy may prevent the formation of 2 by effectively blocking the 

coordination of a second phterpy ligand, but still allow activity by leaving one free coordination 

site for binding and activation of dihydrogen. 

3.6 Experimental 

3.6.1 General 

These general comments apply to this and all subsequent chapters.  All reagents and solvents 

were purchased from readily available commercial sources and used as received unless otherwise 

stated.  2,5-Hexanedione, 2,5-dimethylfuran and 1,4-dioxane were passed through a short plug of 

neutral alumina (Brockmann Activity I) immediately before use to remove peroxides or 

stabilizes present and, in the case of 2,5-dimethylfuran, a yellow contaminant of unknown 

identitly (but possibly the Diels-Alder dimer formed under the influence of light).  All water used 

was HPLC grade.  NMR spectra were collected on 400 or 600 MHz Bruker Avance 
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spectrometers and calibrated to the residual solvent signals.  Raman spectra were collected on a 

DeltaNu Advantage 200A spectrometer.  IR spectra were collected on a Thermo-Fisher Nicolet 

4700 FT-IR spectrometer.  ESI-MS spectra were collected on Bruker AmaZone SL or Agilent 

6540 UHD Accurate Mass Q-TOF spectrometers. 

GC analyses were performed on a Varian 3800 with FID detector using a 30 m Stabilwax-da 

(acid deactivated polyethylene glycol) column.  Quantification was carried out using 

dimethylsulfone as the internal standard (100 mmol L
-1

) and linear 5 level calibration curves.  

GC-MS analyses were performed on a Varian Saturn 2000 GC/MS running in CI mode and 

using the same column and temperature programing used for quantification.  Reaction products 

were identified by comparison to the retention times of authentic samples or by analysis of the 

mass spectra.  Head space gas analyses were carried out on a SRI 8610 micro-GC fitted with a 

TCD detector against authentic gas samples (1000 ppm of C1 – C6 alkanes and alkenes in helium, 

GRACE Davison Discovery Sciences). 

For reactions where phase separation of an organic product layer occurred, the organic layer was 

weighed, diluted with MeOH and analyzed by GC.  No partitioning of the highly polar internal 

standard dimethylsulfone into the organic phase was observed.  Assuming equal FID responses 

for all components of the organic layers (mainly 2,5-DMTHF and hexanes) they were quantified 

by relative peak areas on the basis of their equal carbon numbers (C6).
77

  Normalization to the 

molecular weight of each component allowed calculation of the mass of each component in the 

phase separated layer.  These amounts were then added to those quantified in the aqueous phase 

and the sum reported as a percentage (by mole) of the starting material.   
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All hydrogenation experiments employed industrial grade H2 gas (99.995%) and were carried out 

in an Autoclave Engineers MiniReactor with a 50 mL 316SS reactor vessel and impeller.  At a 

total reaction solution volume of 25 mL the reactor had a gas-phase headspace of ~50 mL 

(unused reactor body plus enclosed, pressurized magnet-drive assembly).  Unless otherwise 

specified (cf. control experiments) the reactor vessel and impeller were cleaned and polished 

after each reaction using 3M abrasive pads or a sand blaster, respectively. 

3.6.2 3-Phenyl-1,5-di(2-pyridyl)-1,5-pentanedione 

The procedure reported by Cave and Raston was followed.
78

  Potassium hydroxide (2.48 g, 44.2 

mmol) was ground to a fine powder in a mortar.  2-Acetylpyridine (5.28 g, 43.6 mmol) and 

benzaldehyde (2.33 g, 22.0 mmol) were combined together then added to the KOH with vigorous 

mixing.  The resulting sticky liquid phase was mixed until a plastic consistency was achieved 

(~10 min) then allowed to fully harden (~20 min) and ground into a fine, yellow-brown powder.  

The solid was triturated with water to remove KOH, then filtered and washed copiously with 

water, yielding a white solid.  Recrystallization from ethanol yielded the pure product as a white, 

crystalline powder.  Yield: 4.66 g; 64%.  
1
H NMR: (400 MHz, CDCl3, δ): 3.68 (d of AB pattern, 

JAB = 17.6 Hz, J2 = 7.4 Hz, 4H), 4.14 (p, J = 7.1 Hz, 1H), 7.11 (t, J = 7.2 Hz, 1H), 7.22 (t, J = 7.7 

Hz, 2H), 7.35 (d, J = 7.4 Hz, 2H), 7.41 (ddd, J1 = 8.4 Hz, J2 = 4.8 Hz, J3 = 1.0 Hz, 2H), 7.75 (td, 

J1 = 8.5 Hz, J2 = 1.7 Hz, 2H), 7.93 (ddd, J1 = 7.8 Hz, J2 = 1.2 Hz, J3 = 1.0 Hz, 2H), 8.61 (ddd, J1 

= 4.8 Hz, J2 = 1.7 Hz, J3 = 0.9 Hz, 2H).  
13

C NMR: (100 MHz, CDCl3, δ): 36.14 (CH), 44.27 (C), 

121.93 (CH), 126.44 (CH), 127.20 (CH), 127.85 (CH), 128.49 (CH), 136.96 (CH), 144.70 (C), 

148.95 (CH), 153.47 (C), 200.16 (C). 
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3.6.3 4′-Phenyl-2,2′:6′,2″-terpyridine 

The procedure reported by Cave and Raston was followed.
78

  3-Phenyl-1,5-di(2-pyridyl)-1,5-

pentanedione (1.12 g, 3.39 mmol) and ammonium acetate (1.32 g, 17.1 mmol) were dissolved in 

glacial acetic acid (30 mL).  The colourless solution was refluxed for 2 h resulting in a dark red 

solution.  This was cooled to room temperature and added to water (60 mL) resulting in the 

immediate formation of precipitate.  The suspension was cooled to -20 °C then filtered to collect 

a pale orange solid that was washed with water then ethanol.  The solid was purified using 

column chromatography (silica gel stationary phase, 20 × 350 mm column, chloroform mobile 

phase) to isolate a pale yellow powder.  Subsequently eluting through basic alumina (Brockmann 

activity 1, 15 × 200 mm column) with chloroform yielded the pure product as a white powder.  

Yield: 0.46 g; 43%.  
1
H NMR: (400 MHz, CDCl3, δ): 7.34 (ddd, J1 = 7.5 Hz, J2 = 4.8 Hz, J3 = 1.2 

Hz, 2H), 7.47 (m, 3H), 7.87 (m, 4H), 8.65 (dt, J1 = 8.0 Hz, J2 = 1.0 Hz,  2H), 8.71 (ddd, J1 = 4.8 

Hz, J2 = 1.8 Hz, J3 = 0.9 Hz, 2H), 8.72 (s, 2H).  
13

C NMR: (100 MHz, CDCl3, δ): 119.23 (CH), 

121.68 (CH), 124.16 (CH), 127.66 (CH), 129.23 (CH), 129.33 (CH), 137.20 (CH), 138.77 (C), 

149.45 (CH), 150.66 (C), 156.21 (C), 156.54 (C). 

3.6.4 Trichloro(phterpy) ruthenium(III) 

The procedure reported by Taher et al. was followed.
60

  Phterpy (1.65 g, 5.33 mmol) and 

RuCl3·xH2O (1.40 g, 5.34 mmol) were suspended in ethanol (250 mL).  The mixture was purged 

with Ar 10 min then refluxed under Ar overnight resulting in a red solution and red-brown 
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precipitate.  The precipitate was collected by filtration from the hot solution and washed with 

Et2O.  Yield:  2.58 g; 93%. 

3.6.5 Triaqua(phterpy) ruthenium(II) triflate (1) 

The procedure reported by Taher et al. was followed.
60

  All steps in the procedure were 

performed with the exclusion of oxygen using standard Schlenk technique.  Silver triflate (5.43 

g, 21.1 mmol) was dissolved in water (20 mL) and added to a suspension of RuCl3(phterpy) 

(3.31 g, 6.40 mmol) in water (30 mL).  The mixture was heated 1 h at 80 °C yielding a dark 

green solution that was filtered through Celite
®
.  Zinc powder (10.5 g, 160 mmol) was added and 

the resulting dark purple solution was stirred 15 min.  The solution was filtered through Celite
®

 

and the water was removed in vacuo to yield the product as a fine purple powder.  Yield:  1.82 g; 

37%.  
1
H NMR: (600 MHz, D2O, 7.26 (m, 3H), 7.52 (d, J = 7.0 Hz, 2H), 7.76 (t, J = 6.0 Hz, 

2H), 7.85 (t, J = 7.6 Hz, 2H), 7.93 (d, J = 8 Hz, 2H) 7.94 (s, 2H), 9.19 (d, J = 5.1 Hz, 2H).  
13

C 

NMR: (150 MHz, D2O, 118.32 (CH), 119.6 (q, JCF = 316 Hz, CF3SO3
–
), 122.68 (CH), 126.37 

(CH), 127.28 (CH), 129.02 (CH), 129.62 (CH), 135.39 (C), 137.64 (CH), 142.86 (C), 152.93 

(CH), 159.77 (C), 163.26 (C). 

3.6.6 Example HDO experiment 

In a 25 mL volumetric flask were combined (1) (0.0197 g, 0.0258 mmol) and ~10 mL of 5:1 1,4-

dioxane : water to form a dark purple solution.  Dimethylsulfone (0.233 g, 2.48 mmol, GC 

internal standard), 2,5-dimethylfuran (2.41 g, 25.1 mmol) and triflic acid (625 μL of 0.20 M 

solution) were added and the volume made up to 25.00 mL with 5:1 1,4-dioxane:water.  The 
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solution was thoroughly mixed then placed in an Autoclave Engineers MiniReactor and purged 

three times with hydrogen.  The reactor was pressurized to 55 bar (800 psi) H2, sealed and heated 

to 225 ºC.  The reaction temperature was reached in ~30 min.  The reaction was stirred at 

temperature for 16 h then cooled.  A sample of the headspace gas was taken for micro-GC 

analysis before the reactor was vented.  The reaction products were analyzed by GC-FID. 
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4 [Ru(OTf)(bipy)(phterpy)](OTf) and [Ru(NCMe)(QuS)(phterpy) Catalysts 

4.1 Rationale 

 Since complex 1 was a reasonably active HDO catalyst but suffered deactivation by formation 

of the thermodynamically more stable 2, it was hypothesized that blocking some, but not all, of 

the three ‘free’ coordination sites of 1 would prevent formation of 2 while still generating an 

active catalyst.  Attempts to use a strongly coordinating monodentate ligand (CO) for this 

purpose had resulted in complete deactivation, presumably through coordinative inhibition (i.e., 

CO bound to all ‘free’ coordination sites generating a coordinatively saturated species that was 

inactive for the same reason as 2).  Therefore, in order to ensure that one ‘free’ coordination site 

remained available for H2 coordination and activation, a bidentate chelate ligand was sought 

instead, with the hypothesis that the phterpy ligand would occupy three of the six coordination 

sites on the Ru
(II)

 centre and the new ligand would occupy two more, leaving one free 

coordination site still available and, in theory, preventing the coordination of additional chelating 

ligands. 

 The ligands 2,2'-bipyridine (bipy) and 8-quinolinethiolate (QuS) where selected as bidentate 

ligands to investigate for this purpose.  Bipy is the bidentate analogue of terpy and therefore 

seemed a logical choice.  Additionally, Creutz et al. have shown that [RuH(bipy)(terpy)](PF6), 

prepared by reaction of [RuCl(bipy)(terpy)](PF6) with NaBH4, could transfer a hydride to CO2, 

CO or CH2O, as well as accept a proton and evolve H2 (g) in aqueous acidic medium.
79-81

  

Therefore, by the principle of microscopic reversibility it should be possible for a 
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[Ru(bipy)(terpy)]
2+

 type system to coordinate and activate H2 forming a proton and a coordinated 

hydride. 

 QuS coordinates to a metal centre via one nitrogen atom and one sulfur atom and additionally 

has a formal negative charge when coordinating as a thiolate.  Therefore it was expected that the 

coordination of QuS with Ru
(II)

 should be very strong due to the attraction of the negative ligand 

to the positive metal center and the soft – soft sulfur – ruthenium interaction that should be very 

stable under the polar, aqueous conditions.  Further, this ligand presented the possibility of 

introducing potential for a metal-ligand bifunctional hydrogenation mechanism due to the ability 

of coordinated thiolates to undergo protonation / deprotonation as observed for other Ru
(II)

-QuS 

complexes.
24,25

 

4.2 Catalyst synthesis 

4.2.1  [Ru(OTf)(bipy)(phterpy)](OTf) 

 [Ru(OTf)(bipy)(phterpy)](OTf) (3) was prepared by modification of the procedure for the 

analogous [Ru(OTf)(bipy)(terpy)](OTf) and the synthesis is summarized in Scheme 11.
82

  

RuCl3(phterpy) was reacted with bipy in aqueous ethanol followed by addition of KPF6 (aq) to 

precipitate [RuCl(bipy)(phterpy)](PF6).  Treatment of [RuCl(bipy)(phterpy)](PF6) with TfOH in 

1,2-dichlorobenzene at 50 °C followed by addition of Et2O precipitated 

[Ru(OTf)(bipy)(phterpy)](OTf) (3) in 91% purity, contaminated only by 9% of 2.  Separation of 

these two compounds proved extremely challenging due to the high lability of the triflate ligand 

of 3, which resulted in substitution reactions in many solvents.  Since the activity of 2 had 
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already been shown to be negligible for HDO of desired substrates, 3 was therefore used without 

further purification.  High purity samples of [Ru(NCMe)(bipy)(phterpy)](OTf)2 (3a) for 

characterization could be prepared by stirring 3 in acetonitrile for 2 h followed by column 

chromatography to separate 3a from 2 but this was not practical for production of quantities 

sufficient for use in HDO experiments because good resolution could not be achieved between 

the two products and therefore large sacrifices to yield would have been required to achieve high 

purity. 

 

Scheme 11:  [Ru(OTf)(bipy)(phterpy)](OTf) synthesis. 
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4.2.2 [Ru(NCMe)(QuS)(phterpy)](OTf) 

 [Ru(NCMe)(QuS)(phterpy)](OTf) (4) was prepared as summarized in Scheme 12.  

RuCl3(phterpy) was reacted with QuSH·HCl (QuSH·HCl = 8-quinolinethiol hydrochloride) and 

NaHCO3 in MeOH to yield [RuCl(QuS)(phterpy)]Cl.  Subsequent reaction with Zn and AgOTf 

in MeCN followed by column chromatography gave the desired product.  Two isomers were 

theoretically possible and a 
1
H-NMR-NOE experiment was used to determine that the 

acetonitrile ligand was located trans to the sulfur atom of the QuS ligand. 

 The nitrile stretching vibration exhibited surprisingly weak absorbance in the IR spectrum of 

(4) and this led to the postulation that the acetonitrile ligand might be lost during evaporation of 

the solvent leading to the complex Ru(OTf)(QuS)(phterpy) as the actual isolated material.  A 
1
H-

NMR experiment in acetone-d6 disproved this hypothesis however, since a signal from the 

methyl peak of coordinated acetonitrile was still observed. 

4.3 Results 

4.3.1 [Ru(OTf)(bipy)(phterpy)](OTf) 

4.3.1.1 HDO of 2,5-hexanedione in water 

 The results of HDO of 2,5-hexanedione by 3 are shown in Table 5.  Complex 3 shows low 

activity towards HDO of this simple biomass substrate, achieving a maximum yield of 
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hydrogenated products (2,5-DMTHF and 2,5-hexandiol) of only 11% at 200 °C and 21% at 225 

°C.  This corresponds to a minimum TON of 420 and TOF of only 14 h
-1

 at 200 °C.
b
 

 

Scheme 12:  [Ru(NCMe)(QuS)(phterpy)](OTf) synthesis. 

Table 5:  Results of HDO of 2,5-hexanedione by 3 in water. 

entry
a 

T [ °C] 2,5-HD
b 

[%] 

2,5-DMTHF
b 

[%] 

2,5-HDO
b 

[%] 

HMA
b 

[%] 

MBD
b 

[%] 

1 175 78 1 2 5 14 

2 200 60 6 5 8 21 

3 225 38 18 3 6 34 

4
c 

225 81 1 0 0 18 
aReaction conditions: 2,5-hexanedione [1000 mmol/L] in water, 55 bar (800 psi) H2 (g), dimethylsulfone (ISTD) [100 mmol/L], catalyst load [1 
mmol/L = 0.1% w.r.t. substrate], reaction time = 16 h.  bBy quant. GC-FID; ±1%; 2,5-HD = 2,5-hexanedione; 2,5-DMTHF = 2,5-

dimethyltetrahydrofuran; 2,5-HDO = 2,5-hexanediol; HMA = hemiacetal = 2-hydroxy-2,5-dimethyltetrahydrofuran; MBD = mass balance 

deficiency: gas phase products and substrate decomposition to polymers and solids (humins) not quantifiable by GC.  cControl reaction without 

catalyst. 

                                                 
b
 TON estimated based on 2 eq. of H2 added to each substrate molecule, 0.1% cat load w.r.t. substrate and 21% yield 

of hydrogenated products at 225 °C.  TOF estimated at 200 °C for comparison with other catalysts based on TON = 

220 at this temperature and reaction time of 16 h. 
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4.3.2 [Ru(NCMe)(QuS)(phterpy)](OTf) 

4.3.2.1 HDO of 2,5-hexanedione in water 

 The results of HDO of 2,5-hexanedione by 4 in water are summarized in Table 6.  Complex 4 

is insoluble in water at room temperature and was charged directly into the reactor as a solid 

rather than in solution as was the procedure with 1 and 3.  After a reaction the colour of the 

aqueous solution would adopt the dark burgundy colour of 4, but burgundy precipitate was also 

always present stemming from the low solubility of the compound.  Rinsing the reactor body 

with MeOH dissolved the burgundy precipitate deposited by reactions at 175 or 200 °C to leave 

a shiny 316SS surface.  In contrast, a matte, slight discolouration of the reactor body was 

observed after rinsing with MeOH following the reaction at 225 °C and a blue metallic Ru
0
 

coating was observed after rinsing with MeOH following the reaction at 245 °C. 

Table 6:  Results of HDO of 2,5-hexanedione by 4 in water. 

entry
a 

T [ °C] 2,5-HD
b 

[%] 

2,5-DMTHF
b 

[%] 

2,5-HDO
b 

[%] 

HMA
b 

[%] 

MBD
b 

[%] 

cat. 

decomp. 

1
 

175 0 1 83 2 14
 

N 

2 200 0 7 77 1 14 N 

3
c 

200 0 8 89 0 3 N 

4 225 3 58 25 6 8 N 

5 245
f 

9 50 0 8 34 Y 

6
d 

225 81 1 0 0 18 n/a 

7
e 

200 0 2 81 9 6 N 

8
g 

245
f 

48 6 0 2 44 n/a 

9
h 

245
f 

55 0 0 0 45 n/a 
aReaction conditions: 2,5-hexanedione [1000 mmol/L] in water, 55 bar (800 psi) H2 (g), dimethylsulfone (ISTD) [100 mmol/L], catalyst load [1 

mmol/L = 0.1% w.r.t. substrate], reaction time = 16 h.  bBy quant. GC-FID; ±1%; 2,5-HD = 2,5-hexanedione; 2,5-DMTHF = 2,5-
dimethyltetrahydrofuran; 2,5-HDO = 2,5-hexanediol; HMA = hemiacetal = 2-hydroxy-2,5-dimethyltetrahydrofuran; MBD = mass balance 

deficiency: gas phase products and substrate decomposition to polymers and solids (humins) not quantifiable by GC.  cReplicate experiment of 

entry 2.  dControl reaction without catalyst.   eExperiment performed using the burgundy red aqueous phase from entry 3 with fresh substrate 
added.  fMaximum sustained internal temperature achievable on the equipment at time of study.  gRu0 control reaction using reactor coating from 

entry 5.  hExperiment performed using the burgundy red aqueous phase from entry 5 with fresh substrate added. 
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 As with the Ru
0
 deposited from decomposition of 1, the Ru

0
 coating formed by decomposition 

of 4 exhibited negligible HDO activity (entry 8).  The burgundy solution from the reaction 

conducted at 245 °C also showed negligible recyclability, indicating lack of catalyst stability at 

this temperature (entry 9).  On the other hand, at 200 °C the spent burgundy reaction solution 

could be reused with the addition of fresh substrate in a cleaned reactor (entry 7) to affect 

comparable 2,5-hexanediol production, giving a TON for this catalyst of, at minimum, 3600 and 

a minimum TOF comparable to that of 1 at 121 h
-1

.
c
 

 At 175 or 200 °C 4 demonstrates high selectivity for production of 2,5-hexanediol, with an 

average yield of 82%, from 2,5-hexanedione.  At 225 °C product selectivity switches to 2,5-

DMTHF, but the catalyst is less stable as evident from the presence of MeOH insoluble solid 

deposition on the reactor surfaces after reaction, therefore best results were achieved at 200 °C. 

4.3.2.2 HDO of 2,5-dimethylfuran in water 

 The results of HDO of 2,5-DMF in water by 4 are summarized in Table 7.  The best result 

was achieved at 200 °C with 50% yield of 2,5-hexanediol, 11% yield of 2,5-DMTHF and the 

lowest amount of substrate decomposition.  

 

                                                 
c
 TON estimated based on 2 eq. of H2 added to each substrate molecule, 0.1% cat load w.r.t. substrate and 97 and 

83% yields of hydrogenated products for the 1
st
 and 2

nd
 reactions respectively. Actual TON could be higher as the 

catalyst may be usable for additional reactions, and only the amount of catalyst soluble in water at r.t. was used for 

the second reaction (solids were discarded when the reactor was cleaned).  TOF estimated based on TON =1940 and 

reaction time of 16 h for the first reaction.  The actual TOF could be considerably larger if the majority of 

hydrogenation occurs in the first couple hours. 
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Table 7:  Results of HDO of 2,5-DMF by 4 in water. 

entry
a 

T [ °C] 2,5-DMF
b 

[%] 

2,5-HD
b 

[%] 

2,5-DMTHF
b 

[%] 

2,5-HDO
b 

[%] 

HMA
b 

[%] 

MBD
b 

[%] 

1
c 

175 1 1 1 42 1 54 

2
c 

200 0 3 11 50 5 31 

3
 

225 0 15 34 5 9 37 

4
d 

225 1 82 1 0 0 16 
aReaction conditions: 2,5-dimethylfuran [1000 mmol/L] in water, 55 bar (800 psi) H2 (g), dimethylsulfone (ISTD) [100 mmol/L], catalyst load [1 

mmol/L = 0.1% w.r.t. substrate], reaction time = 16 h.  bBy quant. GC-FID; ±1%; 2,5-DMF = 2,5-dimethylfuran; 2,5-HD = 2,5-hexanedione; 2,5-

DMTHF = 2,5-dimethyltetrahydrofuran; 2,5-HDO = 2,5-hexanediol;  HMA = hemiacetal = 2-hydroxy-2,5-dimethyltetrahydrofuran; MBD = 
mass balance deficiency: gas phase products and substrate decomposition to polymers and solids (humins) not quantifiable by GC.  cSolids 

(polymerization) present after reaction.  dControl reaction without catalyst.  

 

4.3.2.3 HDO of 2,5-dimethylfuran in other solvents 

 In an attempt to minimize substrate decomposition, the activity of 4 in alternate solvents 

capable of solubilizing 2,5-DMF at room temperature was investigated and the results are 

summarized in Table 8.  Decomposition was greatly reduced in all solvent systems, however 4 

was inactive towards HDO of the substrate in any of the solvent systems investigated.   

4.3.2.4 Plackett-Burman experimental design 

 Since changing to a different solvent system was not feasible for decreasing the extent of 

substrate decomposition, attempts were made to optimize the HDO of 2,5-DMF by 4 in water.  

Many potential parameters (e.g. temperature, H2 pressure, reaction time, etc.) could be modified 

but rather than evaluate each parameter one at a time, a statistical Plackett-Burman (P-B) 

experimental design was first used to evaluate which factors actually had an impact on the yield 

of hydrogenated products or extent of substrate decomposition in an expedient fashion. 
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Table 8:  Results of HDO of 2,5-DMF by 4 in alternate solvents. 

entry
a 

solvent
b 

T 

[ °C] 

2,5-

DMF
c 

[%] 

2,5-

HD
c 

[%] 

2,5-

DMTHF
c 

[%] 

2,5-

HDO
c 

[%] 

 

HEX
c 

[%] 

 

HMA
c 

[%] 

 

SA
c 

[%] 

 

MBD
c 

[%] 

1 sulf. 175 91 9 0 0 0 0 0 0 

2 sulf. 200 63 32 0 0 0 0 0 5 

3 sulf. 225 35 54 0 0 0 0 0 11 

4
d 

sulf. 225 73 25 0 0 0 0 0 2 

5 diox. 175 81 10 0 0 0 0 0 9 

6 diox. 200 24 57 0 0 0 1 0 18 

7 diox. 225 17 59 1 0 0 1 1 21 

8
d 

diox. 225 83 3 0 0 0 0 0 14 

9 GVL 175 85 4 2 0 0 0 0 9 

10 GVL 200 20 57 1 0 0 0 0 22 

11 GVL 225 14 61 1 0 0 0 0 24 

12
d 

GVL 225 77 12 0 0 0 0 0 11 

13 EtOH 175 91 5 0 1 0 0 0 3 

14 EtOH 200 85 7 3 0 2 0 0 3 

15 EtOH 225 81 7 3 0 3 0 0 6 

16
d 

EtOH 225 71 21 4 0 3 0 0 2 
aReaction conditions: 2,5-dimethylfuran [1000 mmol/L] in specified solvent, 55 bar (800 psi) H2 (g), dimethylsulfone (ISTD) [100 mmol/L], 

catalyst load [1 mmol/L = 0.1% w.r.t. substrate], reaction time = 16 h.  bSulf. = 9:1 sulfolane : water; diox. = 5:1 1,4-dioxane : water; GVL = 9:1 
γ-valerolactone : water; EtOH = 99% anhydrous ethanol.  cBy quant. GC-FID; ±1%; 2,5-DMF = 2,5-dimethylfuran; 2,5-HD = 2,5-hexanedione; 

2,5-DMTHF = 2,5-dimethyltetrahydrofuran; 2,5-HDO = 2,5-hexanediol; HEX = hexanes; HMA = hemiacetal = 2-hydroxy-2,5-

dimethyltetrahydrofuran; SA = self Aldol products = 3-methyl-3-cyclopentene-1-one and 3-methyl-2-cyclopentene-1-one; MBD = mass balance 
deficiency: gas phase products and substrate decomposition to polymers and solids (humins) not quantifiable by GC.  dControl reaction without 

catalyst. 

  

 In the 1940’s Plackett and Burman developed orthogonal matrixes (“design matrixes”) 

ranging in dimension from N = 4 to N = 100 to allow investigation of the influence of N-1 

parameters on a system of interest using N experiments.
83

  The P-B design used in this work 

required selection of two levels (low and high) for each parameter to be investigated and use of a 

design matrix of dimension N = 8 to complete 8 experiments where all changes in each 

individual parameter were orthogonal to the changes in all other parameters.  The parameters 

investigated were H2 pressure, temperature, catalyst load, substrate concentration, addition of 

triflic acid and reaction time.  The design matrix used is shown in Table 9 and the low and high 

values of each parameter are summarized in Table 10. 
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Table 9:  Design matrix for P-B design. 

entry
 

H2 pressure temperature cat. load substrate 

conc. 

triflic acid 

added 

reaction 

time 

dummy 

factor 

1 + + + - + - - 

2 - + + + - + - 

3 - - + + + - + 

4 + - - + + + - 

5 - + - - + + + 

6 + - + - - + + 

7 + + - + - - + 

8 - - - - - - - 

Table 10:  Low and high values for the parameters investigated in the P-B design. 

Parameter - + 

H2 pressure (cold) [bar (psi)] 55 (800) 70 (1000) 

temperature [ °C] 175 200 

cat. load [% w.r.t. substrate] 0.05 0.1 

substrate conc. [M] 1.0 1.5 

triflic acid added [% w.r.t. substrate] 0 0.1 

reaction time [h] 6 16 

dummy factor [reactor used]
a 

reactor a reactor b 
aUsed to estimate extent of experimental uncertainty; two Autoclave Engineers mini reactors with identical background activity were used to 

allow faster completion of the experiments. 

 The results of each experiment conducted are summarized in Table 11.  To analyze the data 

matrix algebra was used within the Microsoft Excel 2010 software suite to calculate the 

coefficients in a linear equation of the form: 

𝑦𝑖  =  𝑎0 + 𝑎1𝑥1 + 𝑎2𝑥2 + ⋯ +  𝑎𝑛𝑥𝑛 

where yi is the response of interest (e.g., yield of a particular substance), xn is the factor that was 

examined (e.g. reaction time, cat. load, etc.) and an is the coefficient for that particular factor.  

Comparison of the absolute magnitude of an for each factor to the absolute magnitude of the 

dummy factor coefficient (adummy) allowed assessment of the relative influence of the each factor 

xn on each response yi.  If the │an│ ≤ │adummy│ than the factor xn was insignificant towards 

altering that response (i.e., experimental error had equal or greater influence than the particular 
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factor towards altering the response).  If on the other hand │an│ > │adummy│ than the factor xn 

showed a real effect towards altering the response yi. 

Table 11:  Results of HDO of 2,5-DMF by 4 in water for P-B design. 

entry
a 

2,5-DMF
b 

[%] 

2,5-HD
b 

[%] 

2,5-DMTHF
b 

[%] 

2,5-HDO
b 

[%] 

HMA
b 

[%] 

MBD
b 

[%] 

1
 

3 62 3 2 5 22 

2
 

0 10 10 38 10 32 

3
 

0 95 0 0 1 4 

4
 

1 79 1 0 2 17 

5 0 71 3 0 2 25 

6 3 1 1 55 0 40 

7 1 46 2 8 9 33 

8 3 27 0 3 3 64 
aReaction conditions taken from corresponding entry in Table 9, solvent: water, dimethylsulfone (ISTD) [100 mmol/L].  bBy quant. GC-FID; 

±1%; 2,5-DMF = 2,5-dimethylfuran; 2,5-HD = 2,5-hexanedione; 2,5-DMTHF = 2,5-dimethyltetrahydrofuran; 2,5-HDO = 2,5-hexanediol;  HMA 

= hemiacetal = 2-hydroxy-2,5-dimethyltetrahydrofuran; MBD = mass balance deficiency: gas phase products and substrate decomposition to 

polymers and solids (humins) not quantifiable by GC. 

 

 The sign of an also provided further information about whether the relationship between the 

factor and the response was direct or inverse and the absolute magnitude an indication of the 

importance of the factor (large magnitude = large impact).  The coefficients for each factor were 

determined for 3 different responses:  yield of 2,5-hexanediol, yield of 2,5-DMTHF and% 

decomposition, and these are summarized in Table 12. 

 The factors showing a significant influence on 2,5-hexandiol yield were catalyst load, 

presence of triflic acid, reaction time and hydrogen pressure.  A decrease in either catalyst load 

or reaction time was detrimental to yield, as was the addition of triflic acid.  Increased hydrogen 

pressure had a positive impact on yield, but was a less important factor than the other three.  For 

2,5-DMTHF yield the only factors showing a significant effect were the reaction time and 

temperature, with an increase in either one favoring increased 2,5-DMTHF production.  For the 
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extent of substrate decomposition the significant factors were catalyst load, substrate 

concentration and presence of triflic acid.  An increase in any of these factors resulted in a 

decreased percent decomposition of the initial substrate. 

Table 12:  Response factor coefficients calculated for the yield of 2,5-hexanediol, yield of 2,5-DMTHF and% 

substrate decomposition. 

response (yi)
 

aP hydrogen
b
 
 

atemperature
b 

acat. load
b 

asubstrate conc.
b 

atriflic acid
b 

areaction time
b 

adummy factor 

2,5-HDO
a 

3.00 -1.25 10.50 -1.75 -12.75 10.00 2.50 

2,5-DMTHF
a 

-0.75 2.00 1.00 0.75 -0.75 1.25 -1.00 

decomposition -1.63 -1.63 -5.13 -8.13 -12.63 -1.13 -4.13 
a2,5-HDO = 2,5-hexanediol; 2,5-DMTHF = 2,5-dimethyltetrahydrofuran.  bSignificant responses are shown in bold face font. 

 

4.3.2.5 HDO of 2,5-dimethylfuran in water under modified conditions 

 Based on the results of the P-B design further evaluation of 4 for the HDO of 2,5-DMF in 

water was conducted under modified conditions and the experiments are summarized in Table 

13.  Addition of small amounts of acid, even 0.5 eq of TfOH w.r.t. 4, resulted in significant 

deactivation of the catalyst and was not effective at decreasing the extent of substrate 

decomposition.  Use of the weaker acid HC(O)OH resulted in less catalyst deactivation but also 

no improvement towards minimizing substrate decomposition and the results were worse than 

with no acid added.  Use of a higher catalyst load, 0.5% w.r.t. substrate, resulted in 78% yield of 

2,5-hexanediol in one instance, but on average (in triplicate) the yield of 2,5-hexanediol 

achievable at this increased catalyst loading was 56%, which did not differ greatly from the 50% 

yield achieved at 0.1% loading of 4. 
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Table 13:  Results of HDO of 2,5-DMF by 4 in water with low acid loadings or high cat. loadings. 

entry
a 

cat. load 

[% w.r.t. 

substrate] 

acid [% w.r.t. 

substrate] 

2,5-

DMF
b 

[%] 

2,5-

HD
b 

[%] 

2,5-

DMTHF
b 

[%] 

2,5-

HDO
b 

[%] 

HMA
b 

[%] 

SA
b
 

[%] 

MBD
b 

[%] 

1
 

0.1 0.05/TfOH 0 38 9 7 10 0 37 

2
 

0.1 0.1/HC(O)OH
g 

0 5 5 36 5 0 49 

3
 

0.5 0 0 1 9 78 2 0 9 

4
c 

0.5 0 1 4 2 45 2 0 47 

5
c 

0.5 0 0 4 2 44 2 0 48 

6
d 

n/a 0 1 75 2 n/c
h 

5 0 17 

7
e 

n/a 0 1 27 1 15 11 1 45 

8
f 

n/a 0 1 41 1 2 5 0 50 
aReaction conditions: 2,5-dimethylfuran [1000 mmol/L] in water, 55 bar (800 psi) H2 (g), dimethylsulfone (ISTD) [100 mmol/L], reaction 

temperature = 200 °C, reaction time = 16 h.   bBy quant. GC-FID; ±1%; 2,5-DMF = 2,5-dimethylfuran; 2,5-HD = 2,5-hexanedione; 2,5-DMTHF 

= 2,5-dimethyltetrahydrofuran; 2,5-HDO = 2,5-hexanediol; HEX = hexanes; HMA = hemiacetal = 2-hydroxy-2,5-dimethyltetrahydrofuran; SA = 
self Aldol products = 3-methyl-3-cyclopentene-1-one and 3-methyl-2-cyclopentene-1-one; MBD = mass balance deficiency: gas phase products 

and substrate decomposition to polymers and solids (humins) not quantifiable by GC.  cReplicate of entry 3.  dExperiment performed by filtering 

the burgundy red aqueous phase from entry 3 and adding fresh substrate to assess recyclability of the catalyst solution.  eExperiment performed 
without cleaning any of the burgundy solids generated in entry 4 from the reactor and adding new dimethylsulfone solution and substrate.  
fExperiment performed by rinsing the reactor with MeOH after the reaction of entry 7 but not removing any of the MeOH insoluble 

discolourations and adding new dimethylsulfone solution and substrate.  gpH before reaction = 3.48; pH after reaction = 5.40; CO2 peak observed 
in micro-GC trace of reactor headspace after reaction.  hn/c = not possible to calculate:  the concentration of 2,5-hexanediol was higher before the 

reaction than after due to a combination of conversion to 2,5-DMTHF and decomposition. 

 

 Experiments at high loading of 4 also produced large amounts of dark burgundy solid 

deposited at the bottom and sides of the reactor.  Filtration of the dark burgundy aqueous 

solution from entry 3, addition of fresh substrate and reaction in the cleaned reactor resulted in 

very little production of hydrogenated products.  Repetition of the conditions of entry 3 to 

regenerate the deposited burgundy solid and then addition of fresh substrate mixture without 

cleaning the reactor resulted in production of some hydrogenated products (entry 7), but less than 

when fresh catalyst was provided.  Additionally, after the reaction the aqueous solution had 

adopted a dark burgundy colour and burgundy solid was still present.  Subsequently rinsing the 

reactor body with MeOH and leaving only the MeOH insoluble deposits on the reactor walls 

resulted in negligible HDO activity (entry 8) and negligible colouration of the fresh reaction 

solution added. 
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4.3.2.6 HDO of LANL C9 substrate 

 One step back from 2,5-DMF in the C6 value chain, reproduced and expanded in Scheme 13, 

is hydroxymethylfurfural (HMF).  The aldehyde functional group of this substrate makes it even 

more reactive towards decomposition than 2,5-DMF, and Oswin previously reported formation 

of only resins by polymerization when attempting HDO of HMF using 1 under aqueous acidic 

conditions.
72

  Therefore HDO of HMF directly by 4 is unlikely to succeed, and instead the HDO 

of the longer chain substrate 4-(5-methyl-2-furanyl)-3-buten-2-one (in the following denoted as 

LANL C9 substrate) provided through collaboration with Los Alamos National Laboratory was 

attempted.  The LANL C9 substrate is a model for the Aldol condensation adduct of HMF with 

acetone, lacking only the furanic alcohol group that is, in principle, trivial to hydrogenoylze.  

The formation of an aldol adduct replaces the aldehyde group of HMF with an α,β-unsaturated 

ketone, greatly reducing the (self)-reactivity and making HDO by 4 potentially possible. 

 Results of HDO of the LANL C9 substrate are shown in Figure 13.  Complex 4 is capable 

of producing 2,5,8-nonatriol from this substrate in 29% yield at a catalyst load of 1.0% w.r.t. 

substrate, as well as a combined 34% of other partially hydrogenated products. 

4.3.2.7 Characterization of burgundy precipitate 

 ESI-MS and 
1
H-NMR analysis of the burgundy precipitate isolated after reactions at high 

catalyst loadings 4 showed the presence of both 2 and 4 after reaction along with a broad 

undefined baseline attributed to humins.  The spectra are shown in Figure 14 and Figure 15 

respectively. 
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Scheme 13:  C6 value chain including Aldol condensates of HMF with acetone – LANL C9 substrate 

 

Figure 13:  Results of HDO of LANL C9 substrate by 4 in water.
a 

aReaction conditions: 4-(5-methyl-2-furanyl)-3-buten-2-one [500 mmol/L] in water, 55 bar (800 psi) H2 (g), dimethylsulfone (ISTD) [100 
mmol/L], reaction temperature = 200 °C, reaction time = 16 h.   bBy quant. GC-FID; ±1%; mass balance deficiency = gas phase products and 

substrate decomposition to polymers and solids (humins) not quantifiable by GC; product identification by GC-CI-MS.   
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Figure 14:  ESI spectrum of the burgundy ppt. from HDO reactions using 4 (MeCN solution, +ve ionization mode) 

 

 The species corresponding to the large peak at m/z = 496 appeared to be a dimer of some sort 

based on the isotope pattern (characteristic of two ruthenium atoms), but the exact identity could 

not be determined in the absence of a feasible separation technique to isolate the species and 

acquire more information. 
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Figure 15:  
1
H-NMR spectrum of the burgundy ppt. from HDO reactions using 4 overlaid with the individual spectra 

of 2 and 4. 

 

4.3.2.8 DFT mechanistic study 

 One of the reasons for selection of the QuS ligand was the desire to incorporate potential for a 

metal-ligand bifunctional (MLB) hydrogenation mechanism.  To allow an MLB mechanism, the 

sulfur atom of the QuS ligand must be cis to coordinated H2 during the catalytic cycle.  However, 

based on the geometry of 4 established by NMR (NOE experiment), the sulfur atom of QuS is 

not aligned in the desired manner in the pro-catalyst, but is in fact trans to the labile acetonitrile 
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ligand where H2 would presumably coordinate.  Nonetheless, an MLB mechanism may be 

possible if reorganization of the QuS ligand in the coordination sphere via a 5-coordinate 

transition state is energetically feasible.  Therefore to predict if an MLB mechanism could be 

operating, the energy profiles for a concerted MLB, stepwise MLB and non-MLB hydrogenation 

mechanism were investigated in silico for the hydrogenation of formaldehyde as a model 

carbonyl substrate.  The calculated energy profiles are shown in Figure 16. 

 Formaldehyde was chosen due to the difficulties in locating transition states with the larger 

carbonyl substrates studied experimentally.  Although formaldehyde has lower steric bulk than 

2,5-hexanedione, steric effects should contribute relatively equally in the hydride transfer steps 

of all proposed reaction pathways, and therefore calculations with formaldehyde as a model 

carbonyl substrate are deemed to be useful for mechanistic insight. 

 The reaction pathway following a concerted MLB mechanism possessed the lowest activation 

barriers, with no individual barrier exceeding 22 kcal / mol.  Although the initial activation 

barrier for H2 coordination trans to the sulfur atom of QuS was slightly lower than the barrier for 

rearrangement of the QuS ligand in the coordination sphere, the subsequent barrier to the 

activation of the coordinated H2 in this non-MLB pathway was very high, therefore favoring de-

coordination of H2 rather than deprotonation (i.e., rather than heterolytic activation of the 

coordinated H2).  In contrast, once the QuS ligand rearranged, all the activation barriers along the 

concerted MLB pathway were lower than the energies of even the ruthenium hydride 

intermediates formed in the non-MLB or stepwise MLB mechanisms.  Transition states for 
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hydride transfer from either geometry of ruthenium-hydride intermediate to protonated or neutral 

formaldehyde could not be located. 

 

Figure 16:  Energy profiles
a
 (kcal / mol) for the hydrogenation of formaldehyde by (4) via concerted MLB, stepwise 

MLB and non-MLB mechanisms. 

aM06-L/[6-311G(d,p) (C,H,N,S,O) def2-TZVP (Ru)]//M06-L/[6-31G(d,p) (C,H,N,S,O) def2-SVP (Ru)] level of theory with polarizable 

continuum model for water. 

  

4.4 Discussion 

 The addition of a bipy ligand to the coordination sphere of 1 proved detrimental to catalyst 

activity.  The minimum TOF decreased from 125 h
-1

 to only 14 h
-1

 at 200 °C.  A probable 
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explanation for this diminished activity is the presence of only one free coordination site for 

coordination and activation of H2 in 3 compared to three in 1.  This would logically result in a 

slower and less active catalyst.  Further, the presence of only one free coordination site, while 

theoretically effective for preventing coordinative inhibition by chelating ligands, would increase 

the susceptibility to coordinative inhibition by solvent and other monodentate ligands, potentially 

explaining the observation that the activity of 3 is less than 1/3 that of 1.  Since the binding 

energy of aqua ligands is expected to be similar to that of coordinated dihydrogen,
23,84

 and a 

large excess of available aqua ligands exists in aqueous medium, competition between water and 

H2 for the one available coordination site could explain the observed TOF for 3 of only 11% that 

observed for 1.  

 It is also possible that changes in electronic environment at the Ru centre caused by the 

addition of the bipy ligand resulted in a higher activation barrier for the activation of H2 (as the 

anticipated rate determining step) compared to 1, resulting in a slower catalyst turnover. 

 The relative product distribution between 2,5-DMTHF and 2,5-hexanediol exhibited very 

similar temperature dependence to the product distribution of reactions catalyzed by 1.  This 

suggests the same reaction cascade discussed previously (Scheme 9), and supports the hypothesis 

that 1 and 3 operate via similar mechanisms of H2 coordination, deprotonation forming a Ru-H 

species and then hydride transfer to (protonated) substrate. 

 The addition of the QuS ligand to the coordination sphere of 1 to form 4 did not have a 

detrimental effect on catalyst rate however.  Indeed the minimum TOF achieved with 4 is 

comparable to that of 1 at 121 h
-1

 compared to the 125 h
-1

.  Since 4, like 3, has only one potential 
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free coordination site available for H2 binding and activation, this therefore suggests that a 

different mechanism is operating with this catalyst allowing faster turn over at the single active 

site and greater selectivity for diol formation without condensation to oxacyclic THF rings. 

 The three most likely mechanisms for hydrogenation catalyzed by 4 are shown in Scheme 14.  

The non-MLB pathway shown is an analogous mechanism to that presumably followed by 1 and 

3.  The two potential MLB pathways however, both concerted and stepwise, are mechanisms not 

accessible by 1 or 3 and likely the explanation for the much higher activity of 4 compared to 3. 

 The presence of the coordinated thiolate group of the QuS ligand provides the potential for 

intramolecular activation of coordinated H2 by protonation of the thiolate group to form a 

coordinated thiol and a hydride.  Once this is achieved, protonation and hydride transfer to the 

substrate can conceivably occur by concerted transfer through a six member transition state or by 

deprotonation of the acidic, coordinated thiol followed by hydride transfer from the complex to 

the (protonated) substrate. 

  In order for either MLB mechanism to occur however, the sulfur atom of the coordinated 

thiolate ligand must be cis to coordinated H2 during the catalytic cycle, as shown in Scheme 14.  

Since it was not possible to incorporate this desired geometry in the pro-catalyst, having instead 

the sulfur atom trans to the labile MeCN ligand, the operation of an MLB mechanism was not a 

certainty.  Therefore an in silico study using formaldehyde as a model carbonyl substrate was 

used to investigate the energetics of these three potential reaction pathways.  This study strongly 

favored a concerted MLB mechanism on the basis of significantly lower overall activation 

barriers compared to the other two possible mechanisms. 
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Scheme 14:  Possible concerted MLB, stepwise MLB and non-MLB mechanisms for hydrogenation by (4) 
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 The strong preference for concerted proton and hydride transfer rather than deprotonation of 

η
2
-H2 complexes of 4 by solvent / substrate may also explain the much higher selectivity for 2,5-

hexanediol formation by 4 compared to 1 or 3.  Since 2,5-DMTHF is most likely formed by acid 

catalyzed ring closure of 2,5-hexanediol, and reactions catalyzed by 4 preferentially avoid 

releasing free acid (H3O
+
 as the strongest, solvent leveled acid in the aqueous medium) this may 

explain the much higher selectivity for production of 2,5-hexanediol by this catalyst. 

 In addition to succeeding in the incorporation of an MLB mechanism through the addition of 

the QuS ligand to 1, the TON of the catalyst was increased as hypothesized.  For HDO of 2,5-

hexanedione the dark red catalyst solution could be reused after reaction at 200 °C upon the 

addition of fresh substrate.  Comparable yields of 2,5-hexanediol were achieved as with fresh 

catalyst (~80%, entry 7, Table 6), showing that formation of 2 had been, at least partially, 

prevented. 

 The HDO of 2,5-DMF catalyzed by 4 in water showed increased substrate decomposition, the 

same as was observed in reactions with 1, however an alternate solvent capable of solubilizing 

2,5-DMF to limit decomposition could not be found with this catalyst.  All solvents tried (9:1 

sulfolane : water, 5:1 1,4-dioxane : water, 9:1 γ-valerolactone : water, 99% EtOH) resulted in 

near complete catalyst deactivation.  This was presumably a result of competitive inhibition of 

the catalyst by the solvent.  As discussed in the context of complex 3, a catalyst with only one 

potential free coordination site for the coordination and activation of H2 would be expected to 

exhibit higher susceptibility to coordinative inhibition by (monodentate) solvent molecules that 

are present in much higher concentration than dissolved H2 compared to a complex with multiple 
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potential coordination sites such as 1.  It may however be possible to overcome this limitation at 

much higher hydrogen pressures, allowing H2 to better compete for the free coordination site of 

the catalyst, however the engineering challenges that arise from using greatly higher H2 pressures 

would add considerable cost and complexity and were therefore preferentially avoided. 

  Attempts were rather made to optimize the HDO of 2,5-DMF by 4 in water by examining 

numerous potential factors influencing HDO product yields.  It was shown that the addition of 

triflic acid had a detrimental effect on catalyst activity, but a positive effect on decreasing 

substrate decomposition.  The decrease in substrate decomposition upon increase in acid load 

was at first counterintuitive since many of the decomposition pathways via aldol type 

condensations are acid catalyzed.  The acid load examined however was very low at 0.1% w.r.t. 

substrate and therefore presumably did not promote rapid polymerization via aldol routes.  

Instead, this modest amount of added acid likely improved the kinetic competency of the 

prerequisite hydrolysis of the 2,5-DMF ring to form 2,5-hexanedione limiting the decomposition 

occurring via Diels-Alder type pathways (see Scheme 9).  However, as shown in Table 11, the 

2,5-hexanedione formed in reactions with acid present was not hydrogenated further but instead 

remained in solution at the end of the 16 h time period. 

 The only factors having significant effect on 2,5-DMTHF formation were temperature and 

reaction time, with higher temperatures and longer reaction times leading to increased formation 

of this minor product.  For 2,5-hexanediol production, the reaction time, catalyst load and 

applied hydrogen pressure all had significant impact on achieving increased yield.  These results 

are consistent with the proposed reaction pathway discussed previously (Scheme 8), where 2,5-
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DMF is hydrolyzed to give 2,5-hexanedione, 2,5-hexanediol is then formed by hydrogenation of 

2,5-hexanedione and 2,5-DMTHF forms by (acid catalyzed) ring closure of 2,5-hexanediol.  The 

conclusion that 2,5-DMTHF is not formed by direct hydrogenation of 2,5-DMF is supported by 

the absence of any effect from catalyst load or hydrogen pressure on 2,5-DMTHF yield. 

 In addition to adding acid, an increase in catalyst load or a larger amount of substrate used 

resulted in decreased decomposition.  The effect of increased catalyst load is logical since this 

would improve the kinetic competency of hydrogenation reactions versus some of the 

decomposition pathways.  The decrease in substrate decomposition as a result of a larger initial 

amount of substrate is, on the other hand, counterintuitive.  However, since 2,5-DMF is not water 

soluble a larger amount of substrate added does correspond to a higher concentration of 2,5-

DMF in either the aqueous or organic phases.  2,5-DMF is already at maximal concentration in 

both, existing as a phase separated layer.  Therefore, the rate of decomposition is not expected to 

increase upon addition of more substrate.  Furthermore, the larger amount of substrate added 

presumably resulted in a higher concentration of catalyst in the aqueous phase at temperature 

(since cat. loading w.r.t. substrate was maintained at the same% levels), and therefore the 

observed decrease in decomposition was likely actually an effect of increased catalyst 

concentration in the aqueous phase, increasing the kinetic competency of the catalyst as 

discussed above.  The unchanged decomposition rate but increased hydrogenation rate therefore 

resulted in an observed decrease in% decomposition, but not likely as a result of more substrate 

present, but rather more catalyst. 
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   Based on the P-B study the direction of necessary modification for optimization of most 

responses was determined.  Reactions would benefit from higher catalyst load.  The hydrogen 

pressure and reaction time could not be decreased, however the values of 55 bar and 16 h used 

for the previous investigations were near the upper limits for a reasonable study and were 

therefore maintained at those values.  A reaction temperature of 200 °C was maintained since 

catalyst recycling had already been demonstrated at this T and it was not a significant factor 

affecting either 2,5-hexanediol yield or substrate decomposition. 

 The amount of acid cocatalyst to use however was less clear.  Added acid was strongly 

beneficial to some responses (diminished furan substrate decomposition) but detrimental to 

others (deactivated catalyst).  Therefore, it was hypothesized that there may be a “sweet spot” at 

low acid load where the catalyst could still function and the extent of substrate decomposition 

would also be minimized.  However, even with a triflic acid load of 0.05% w.r.t substrate (0.5 

eq. w.r.t. 4) the activity of 4 was still significantly depressed.  Therefore, the presence of triflic 

acid was detrimental to the activity of 4 even in a less than stoichiometric amount. 

 In an alternate attempt to reap the rewards of acid presence on diminished decomposition but 

not deactivate 4 formic acid was substituted for triflic acid.  It has been previously demonstrated 

that homogeneous ruthenium(II) complexes are excellent catalysts for formic acid decomposition 

to H2 and CO2
85,86

 and it was therefore hypothesized that formic acid may be capable of acting as 

an acid catalyst present during the initial stages of reaction to accelerate 2,5-hexanedione 

formation from 2,5-DMF, but then decompose allowing 4 to hydrogenate 2,5-hexanedione under 

acid free conditions.  In principle this approach seemed to work, as the pH of the solution was 
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observed to increase from 3.48 before the reaction to 5.40 after reaction and production of CO2 

was observed in analysis of the headspace gas, however the yield of 2,5-hexanediol was slightly 

lower and the extent of decomposition was actually higher than was observed under the same 

reaction conditions in in the absence of HC(O)OH.  Therefore it was concluded that the addition 

of acid to the system was not beneficial and instead experiments at higher catalyst loads were 

pursued. 

 Increasing the load of 4 to 0.5% w.r.t. substrate at 200 °C yielded the highest amount of 2,5-

hexanediol (78%) achieved in any one experiment with this substrate.  However, performing the 

experiment in triplicate resulted in a slightly lower average yield of 56% 2,5-hexanediol 

produced with 86% selectivity. 

 Since 4 demonstrated good selectivity for diol production, it was investigated for production 

of 2,5,8-nonanetriol from the LANL C9 substrate.  2,5,8-Nonanetriol was indeed produced in up 

to 29% yield with 46% selectivity.  This product could be extremely valuable as a potential 

renewable biomass-based polymer cross-linker for polyurethanes or polyesters.  Further, 

production via conventional synthetic routes involves multiple steps and extremely low atom 

efficiency.  To the author’s knowledge only one reported synthesis of 2,5,8-nonanetriol exists in 

the literature and this is shown in Scheme 15.
87

  Although the yield after each individual step is 

high, the combined yield over all seven steps is only 52%.  Further, the synthesis involves two 

Grignard reactions, one oxidation using the Dess-Martin periodinane and protection and 

deprotection using silanes, all of which generate stoichiometric waste products, in addition to 

requiring several different organic solvents and quenching reagents.  In comparison, the 
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production of 2,5,8-nonanetriol in the current work generates no stoichiometric waste products, 

is performed in water and the starting material is available from a renewable biomass substrates. 

 

Scheme 15:  Conventional synthetic pathway for 2,5,8-nonanetriol synthesis. 

 

 Unfortunately, with the more demanding furan ring containing substrates the recyclability of 4 

previously observed for HDO of 2,5-hexanedione was no longer achieved.  Since a higher 
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catalyst load was necessary, but the solubility of 4 at room temperature was still very low, the 

vast majority of catalyst precipitated from solution upon cooling to room temperature.  Reuse of 

only the reaction solution showed negligible activity.  Reuse of the burgundy ppt. deposited on 

the reactor walls showed some activity, but less than with the addition of fresh catalyst.  Further 

heterogeneous catalysis by Ru
0
 could not be excluded with this experiment.  Therefore, the 

reactor was subsequently rinsed with MeOH to remove the MeOH soluble components of the 

burgundy precipitate but not any Ru
0
 deposits and the control reaction was repeated.  This 

reaction showed negligible hydrogenation activity, consistent with previous observations for the 

inactivity of Ru
0
 deposited by 1 and supported the hypothesis that homogeneous catalysis was 

the origin of the observed hydrogenations. 

 Characterization of the burgundy precipitate deposited in the reactor after reactions showed 

the presence of both 4 and 2, providing additional evidence that incorporating 8-quinolinethiolate 

as a second ligand in conjunction with phterpy was successful at slowing, but not preventing, 

bis-chelate formation. 

 This also suggested a possible explanation for the deactivation of 4 by even sub-

stoichiometric amounts of acid.  Once protonated, 8-quinolinethiol should coordinate less 

strongly to ruthenium because of the loss of formal negative charge on the ligand and decrease in 

electron density available for donation from the sulfur atom to the Ru
(II)

 centre.  Therefore, under 

acidic conditions protonation of the QuS ligand may result in loss of QuSH, formation of 1 and 

then conversion to 2, explaining why activity of 4 was so diminished in the presence of even 0.5 

eq w.r.t. 4 of added triflic acid.  Formation of 2 also appeared to be acid catalyzed, since 2 was 
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generated as a by-product at temperatures as low as 50 °C during the preparation of 3 by reaction 

of [RuCl(bipy)(phterpy)](PF6) with excess TfOH in 1,2-dichlorobenzene, explaining why 

activity associated with 1 formed by loss of QuSH was also not observed. 

 

Scheme 16:  Acid catalyzed formation of 2 from 4. 

  

4.5 Conclusions 

 The addition of the QuS ligand to the coordination sphere of 1, generating 4, increased the 

TON by slowing the formation of the bis-chelate 2, however complete prevention of this 

deactivation pathway was not realized.  In water at 200 °C, 4 proved effective for the production 

of 2,5-hexanediol from either 2,5-hexanedione or 2,5-dimethylfuran in good yield (average 82% 

and 56% respectively) and with much higher selectivity than achieved by 1.  Furthermore, 2,5,8-

nonanetriol could be produced from the LANL C9 substrate (a model for the aldol condensation 

adduct of HMF with acetone) in 29% yield demonstrating that high value added chemicals 

difficult to manufacture from typical fossil fuel feedstocks can be easily produced from biomass 

substrates using homogeneous catalysis. 
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 Comparison of catalytic activity between 4 and 3 provided evidence that 4 operated by an 

MLB mechanism, and this was further confirmed by an in silico investigation of the reaction 

mechanism for hydrogenation of formaldehyde as a model carbonyl substrate by 4.  This study 

also provided a possible explanation for the observed high 2,5-hexanediol selectivity, since the 

predicted mechanism involved concerted proton and hydride transfer between the metal complex 

and the substrate and therefore did not generate free acid (H3O
+
) that would catalyze the ring 

closure of 2,5-hexanediol to 2,5-DMTHF. 

  Unfortunately 4 exhibited poor acid stability, with near complete loss of activity at even very 

small loadings of triflic acid (0.5 eq. w.r.t. 4), and was inactive in solvents other than water.  

Furthermore, deactivation via formation of the bis-chelate 2 was still observed, greatly limiting 

the TON achievable by the catalyst.  Therefore, while the addition of a thiolate-containing 

bidentate ligand had a positive impact on extending the catalyst life and greatly altering the 

selectivity, it appears unlikely that any catalyst based on the Ru-phterpy motif will achieve the 

necessary long-term temperature stability to have potential as an industrial catalyst. 

 On the basis of these findings it was hypothesized that tetradentate coordination may be 

necessary to achieve the desired long-term high temperature stability, and therefore the 

preparation of tetradentate, sulfur donor atom containing ligands was the next area of study. 
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4.6 Experimental 

4.6.1 Chloro(bipy)(phterpy) ruthenium(II) hexafluorophosphate 

The procedure reported by Rasmussen et al. for the analogous [RuCl(bipy)(terpy)](PF6) was 

followed substituting phterpy for terpy.
82

 RuCl3(phterpy) (0.501 g, 0.968 mmol), 2,2'-bipyridine 

(0.167 g, 1.07 mmol) and LiCl (0.204 g, 4.81 mmol) were suspended in 3:1 EtOH : H2O (100 

mL).  Triethylamine (1.0 mL, 7.0 mmol) was added and the mixture was purged with Ar for 10 

min then refluxed under Ar for 4 h.  The deep red-purple solution was cooled to room 

temperature, filtered then concentrated to half volume and added to 100 mL of saturated, 

aqueous KPF6.  The resulting red-purple ppt. was collected via filtration, washed with 4  10 mL 

cold 3 M HCl then Et2O (50 mL).   The product was purified by column chromatography (neutral 

alumina, Brockmann activity I stationary phase, 25  300 mm column, 1:1 acetone : toluene 

eluent).  The desired product eluted first as a dark purple band that was collected and evaporated 

to yield a purple residue.  The residue was dissolved in minimal acetonitrile, added to Et2O (200 

mL) and the resulting purple powder was collected by filtration and washed with Et2O.  Yield: 

0.462 g; 64%. 
1
H NMR: (400 MHz, acetone-d6, δ): 10.41 (dd, J1 = 5.6 Hz, J2 = 0.7 Hz, 1H), 9.10 

(s, 2H), 8.93 (d, J = 8.1 Hz, 1H), 8.87 (d, J = 7.9 Hz, 2H), 8.65 (d, J = 8.0 Hz, 1H), 8.44 (dt, J1 = 

7.9 Hz, J2 = 1.5 Hz, 1H), 8.26 (d, J = 7.1 Hz, 2H), 8.14 (ddd, J1 = 7.1 Hz, J2 = 5.6 Hz, J3 = 1.3 

Hz, 1H), 8.03 (dt, J1 = 7.9 Hz, J2 = 1.5 Hz, 2H), 7.89 (dd, J1 = 5.5 Hz, J2 = 0.7 Hz, 2H), 7.85 (dt, 

J1 = 7.6 Hz, J2 = 0.9 Hz, 1H), 7.71 (t, 2H), 7.70 (d, 1H), 7.64 (t, J = 7.3 Hz, 1H), 7.44 (ddd, J1 = 

7.6 Hz, J2 = 5.5 Hz, J3 = 1.3 Hz, 2H), 7.14 (ddd, J1 = 7.3 Hz, J2 = 5.8 Hz, J3 = 1.3 Hz, 1H).  
13

C 
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NMR: (100 MHz, acetone-d6, δ):  160.67 (C), 160.52 (C), 159.88 (C), 157.94 (C), 154.27 (CH), 

153.86 (CH), 153.68 (CH), 147.48 (C), 138.66 (C), 138.45 (CH), 138.18 (CH), 137.12 (CH), 

131.49 (CH), 130.99 (CH), 129.17 (CH), 128.88 (CH), 128.42 (CH), 127.91 (CH), 125.40 (CH), 

125.10 (CH), 124.92 (CH), 121.73 (CH). ESI-MS:  M
+
 peak: 602.07; calc. [C31H23ClN5Ru]

+
: 

602.07. 

4.6.2 (Bipy)(phterpy)(triflato) ruthenium(II) trifilate (3) 

The procedure reported by Rasmussen et al. for the analogous [Ru(OTf)(bipy)(terpy)](OTf) was 

followed with slight modification.
82

 The following was performed with the exclusion of O2 using 

standard Schlenk technique.  [RuCl(bipy)(phterpy)](PF6) (0.417 g, 0.558 mmol) was dissolved in 

1,2-dichlorobenzene (50 mL) forming a dark purple solution.  Triflic acid (0.75 mL, 8.5 mmol) 

was added resulting in an immediate colour change to dark cherry red.  The solution was stirred 

for 4 h at 50 °C then cooled to 0 °C and added to -20 °C Et2O (200 mL).  The resulting solid was 

filtered and washed with Et2O.  Yield: 0.380 g; 79% dark cherry red powder.  The product was 

contaminated with 9% [Ru(phterpy)2](OTf)2 (2) by mass but was used as is for catalysis 

experiments since the catalytic activity of 2 was previously determined to be negligible.  NMR 

and mass spectra were collected in acetonitrile after allowing 2 h at room temperature for 

replacement of the highly labile triflate by acetonitrile in the sixth coordination site.  High purity 

samples of [Ru(NCMe)(bipy)(phterpy)](OTf)2 (3a) for characterization were produced in low 

yield (~1%) using column chromatography (alumina neutral, Brockmann activity I, 20  300 

mm, 2:1 MeCN : toluene eluent).  The separation of 2 and 3a was minimal, however collecting 

only the tail of the orange-red band that eluted yielded 3a, after removal of the solvent, as an 
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orange powder in good purity. 
1
H NMR: (400 MHz, MeCN-d3, δ):  9.62 (d, J = 5.4 Hz, 1H), 8.83 

(s, 2H), 8.63 (d, J = 8.0 Hz, 1H), 8.58 (d, J = 8.0 Hz, 2H), 8.37 (d, J = 8.1 Hz, 1H), 8.33 (t, J = 

7.8 Hz, 1H), 8.13 (d, J = 7.3 Hz, 2H), 8.03 (t, J = 7.8 Hz, 2H), 7.98 (t, J = 6.2 Hz, 1H), 7.81 (t, J 

= 8.7 Hz, 1H), 7.73 (t, J = 7.1 Hz, 2H), 7.71 (d, J = 4.5 Hz, 2H), 7.66 (t, J = 7.3 Hz, 1H), 7.36 (m, 

3H), 7.09 (t, J = 6.2 Hz, 1H).  
13

C NMR: (100 MHz, MeCN-d3, δ):  159.34 (C), 158.54 (C), 

158.51 (C), 156.80 (C), 154.10 (CH), 153.35 (CH), 152.01 (CH), 150.22 (C), 139.40 (CH), 

138.52 (CH), 138.27 (CH), 137.47 (C), 131.41 (CH), 130.50 (CH), 128.73 (CH), 128.67 (CH), 

128.41 (CH), 127.54 (CH), 126.03 (C), 125.32 (CH), 125.05 (CH), 124.43 (CH), 122.37 (CH). 

ESI-MS:   [M]
2+

 peak: 304.02; calc. [C33H26N6Ru]
2+

: 304.06. 

4.6.3 Chloro(phterpy)(8-quinolinethiolate) ruthenium(III) chloride 

The following was performed with the exclusion of O2 using standard Schlenk techniques.  

RuCl3(phterpy) (0.498 g, 0.964 mmol), 8-quinolinethiol hydrochloride (0.228 g, 1.15 mmol) and 

sodium bicarbonate (0.194 g, 2.31 mmol) were suspended in methanol (150 mL) and refluxed 

overnight.  The resulting dark red solution was cooled to room temperature and filtered.  The 

solvent was removed in vacuo yielding the product as a red powder.  Yield 0.599 g; 97%.  Small 

amounts of impurities are present, the product was used without further purification. ESI-MS:  

M+ peak: 605.9; calc. [C30H21ClN4SRu]
+
: 606.02. 

4.6.4 Acetonitrile(phterpy)(8-quinolinethiolate) ruthenium(II) triflate (4) 

[RuCl(QuS)(phterpy)]Cl (0.481 g, 0.750 mmol), silver triflate (1.03 g, 4.01 mmol) and zinc 

powder (0.496 g, 7.69 mmol) were suspended in acetonitrile (150 mL) and refluxed under argon 
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overnight resulting in a deep red solution and off white precipitate.  The mixture was cooled to 

room temperature and filtered.  The insoluble materials were discarded.  The solvent was 

removed from the filtrate in vacuo resulting in a dark burgundy residue that was purified by 

column chromatography (neutral alumina, Brockmann activity I stationary phase, 25  300 mm 

column, 1:1 MeCN : toluene eluent).  The product eluted first as a dark red band that was 

collected and evaporated yielding a dark burgundy solid that was stored under argon.  Yield: 

0.254 g; 44%.  
1
H NMR: (400 MHz, MeCN-d3, δ):  9.66 (dd, J1 = 5.1 Hz, J2 = 1.4 Hz, 1H), 8.63 

(s, 2H), 8.50 (d, J = 7.9 Hz, 2H), 8.40 (dd, J1 = 8.4 Hz, J2 = 1.2 Hz, 1H), 8.06 (d, J = 7 Hz, 2H), 

7.94 (t, J = 8.0 Hz, 2H),  7.81 (d, J = 5.4 Hz, 2H), 7.70 (dd, J1 = 8.3 Hz, J2 = 5.0 Hz, 1H), 7.65 (t, 

J = 7.6 Hz, 2H), 7.59 (t, J = 7.2 Hz, 1H), 7.50 (d, J = 7.9 Hz, 1H), 7.42 (d, J = 7.1 Hz, 1H), 7.33 

(t, J = 6.3 Hz, 2H), 7.28 (t, J = 7.7 Hz, 1H), 2.01 (s, 3H).  
13

C NMR: (100 MHz, MeCN-d3, δ): 

159.66 (C), 159.15 (C), 154.01 (C),153.01 (CH), 152.80 (C), 152.32 (CH), 146.93 (C), 137.94 

(C), 137.89 (CH), 137.50 (CH), 132.24 (C), 130.80 (CH), 130.73 (CH), 130.28 (CH), 128.41 

(CH), 128.15 (CH), 127.93 (CH), 124.39 (CH), 122.91 (CH), 121.07 (C), 120.08 (CH), 120.67 

(CH), 4.11 (CH3).  ESI-TOF-MS: [M-MeCN]
+
: 571.0523; calc. [C30H21N4SRu]

+
: 571.0525. 

4.6.5 Computations 

All calculations were performed using the Gaussian 09 software suite.
88

  All structures were 

optimized using the M06-L functional,
89,90

 with def2-SVP basis set
91

 and associated ECP
92

  for 

Ru and 6-31G(d,p) basis set
93-95

 for all other atoms.  An ultrafine integration grid (99 radial 

shells with 590 angular points per shell) was used.  Solvent effects were incorporated using the 

polarizable continuum model for water.
96-100

  All structures were verified to be local minima or 
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transition states by frequency calculations showing 0 or 1 imaginary frequencies, respectively.  

For transition state structures the normal mode vibration corresponding to the imaginary 

frequency involved motion of the correct atom(s) along the reaction coordinate in all cases.  

Gibbs free energies reported include zero-point energy corrections and thermal corrections for T 

= 473 K and p = 55 atm.  Final evaluation of energies was performed using single point energy 

calculations on the M06-L/def2-SVP,6-31G(d,p) geometries using the M06-L functional, def2-

TZVP basis set
91

 with associated ECP
92

 for Ru and the 6-311G(d,p) basis set
101,102

 for all other 

atoms.  Zero-point and thermal energy corrections were taken from the lower level geometry 

optimizations. 

4.6.6 Purification of 4-(5-methyl-2-furanyl)-3-buten-2-one (LANL C9 substrate) 

4-(5-Methyl-2-furanyl)-3-buten-2-one was provided in impure form through collaboration with 

Los Alamos National Laboratory.  Prior to use the oily, brown semi-solid (5 g) was sublimed at 

40 °C, 60 mTorr to yield a slightly off-white powder that was stored at 4 °C.  Yield after 

sublimation: 4.2 g, mp 30 – 31 °C (lit.
103

 35 – 36 °C).  
1
H NMR: (400 MHz, CDCl3, δ): 7.20 (d, J 

= 15.8 Hz, 1H), 6.55 (d, J = 3 Hz, 1H), 6.53 (d, J = 16.3 Hz, 1H), 6.09 (dd, J1 = 3.3 Hz, J2 = 0.9 

Hz, 1H), 2.34 (d, J = 0.8 Hz, 3H), 2.30 (s, 3H).  
13

C NMR: (100 MHz, CDCl3, δ): 198.04 (C), 

156.01 (C), 149.55 (C), 129.64 (CH), 122.67 (CH), 117.73 (CH), 109.30 (CH), 27.99 (CH3), 

14.07 (CH3). 
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4.6.7 Example HDO experiment of LANL C9 substrate 

[Ru(NCMe)(QuS)(phterpy)](OTf) (0.0451 g, 0.0593 mmol) and LANL C9 substrate (1.878 g, 

12.5 mmol) were charged into an Autoclave Engineers MiniReactor.  Dimethylsulfone (0.236 g, 

2.51 mmol, GC internal standard) and water (20 mL) were added and the reactor purged three 

times with hydrogen.  The reactor was pressurized to 55 bar (800 psi) H2, sealed and heated to 

200 ºC.  Heating was accomplished in ~30 min.  The reaction was stirred at temperature for 16 h 

then cooled.  A sample of the headspace gas was taken for micro-GC analysis before the reactor 

was vented.  The reaction products were analyzed by GC-FID for quantification and GC-CI-MS 

for identification. 
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5 Attempts at the Synthesis of [RuL2(dpaS)](OTf) and [RuL2(bipy-S2)] 

Catalysts 

5.1 Rationale 

 To achieve higher temperature stability than was possible with 4 it was hypothesized that an 

increase in chelation from tridendate to tetradentate ligation was necessary.  Additionally, it was 

considered desirable to maintain at least one soft thiolate donor group to maintain the possibility 

of the same MLB type mechanism observed with 4.  Seeking inspiration from previous ligands 

used in the Schlaf research group, two possible tetradentate, sulfur containing ligands were 

selected:  2-[bis(2-pyridinylmethyl)amino]ethanethiolate (dpaS) and 2,2'-bipyridine-6,6'-

dimethanethiolate (bipy-S2).  DpaS was inspired by the dpa ligand investigated by Oswin
72

 with 

the addition of a 2-mercaptoethane group to the amine nitrogen of the dpa backbone.  Bipy-S2 

was inspired by the bambiby ligand investigated by Minard
73

 with replacement of the pendant 

amine groups with pendant thiolate groups. 

5.2 Attempted catalyst synthesis 

5.2.1 [RuL2(dpaS)](OTf) 

 The dpaSH ligand was synthesized as reported by Lazarova et al. and summarized in Scheme 

17.
104

  Condensation of 2-pyridinecarboxaldehyde and 2-picolylamine followed by 

hydrogenation over Pd/C yielded dipicolylamine and subsequent reaction with ethylene sulfide 

gave the free thiol ligand. 
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Scheme 17:  DpaSH synthesis. 

 

 All attempts at formation of the desired [RuL2(dpaS)](OTf) (L = OH2, NCMe, etc.) complex 

proved unsuccessful.  Reaction of the ligand with RuCl3·xH2O, [Ru(OH2)6](OTs)2, 

[Ru(DMF)6](OTf)3, [Ru(DMF)6](OTf)2, “Ru-blue”, Ru(acac)3, RuCl2(DMSO)4 or 

RuCl2(NCMe)4 resulted in decomposition of the ligand and / or ruthenium starting material, 

generation of a multitude of unidentifiable organic products or production of paramagnetic and / 

or polymeric species.  A summary of the attempted reactions is presented in Table 14. 

Table 14:  Conditions of attempted reactions for production of [RuL2(dpaS)](OTf) (L = labile ligand, i.e., H2O, 

MeCN, etc.). 

Solvent Temperature / 

time 

Additional 

reagents 

Observations after reaction 

RuCl3·xH2O 

1) MeOH 

2) MeCN 

1) reflux / 16 h 

2) reflux / 1 h 

1) NaHCO3 

2) AgOTf 

Green-brown filtrate, paramagnetic 

[Ru(OH2)6](OTs)2 

H2O r.t. / 2 h n/a Brown solution, paramagnetic 

H2O 75 °C / 16 h n/a Green suspension and insoluble black ppt. 

MeOH r.t. / 1 h n/a Green solution, paramagnetic 

MeOH r.t. / 4 h NaHCO3 Green suspension with insoluble brown ppt. 

MeOH r.t. / 2 h TsOH Green solution, paramagnetic 

9:1 EtOH : H2O r.t. / 3 h n/a Green solution, paramagnetic 

9:1 EtOH : H2O r.t. / 4 h NaHCO3 Green solution with insoluble brown ppt. 

MeCN r.t. / 16 h n/a Green solution, paramagnetic 
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[Ru(DMF)6](OTf)3 

H2O r.t. / 1 h n/a Green suspension with insoluble black ppt. 

H2O 50 °C / 16 h n/a Green suspension with insoluble black ppt. 

H2O r.t. / 1 h TfOH Blue-green solution containing protonated ligand 

MeOH r.t. / 1 h n/a Green solution, paramagnetic 

MeOH 40 °C / 1 h n/a Green solution, paramagnetic 

MeOH r.t. / 16 h TfOH Orange solution containing protonated ligand 

MeOH reflux / 16 h TfOH Green-brown solution, paramagnetic 

9:1 EtOH : H2O r.t. / 3 h n/a Green suspension with insoluble black ppt. 

EtOH reflux / 1 h TfOH Green solution, paramagnetic 

MeCN r.t. / 16 h n/a Orange-red solution containing free ligand 

MeCN 50 °C / 16 h n/a Orange solution containing free ligand 

MeCN reflux / 16 h n/a Yellow solution, with decomposed ligand 

DMSO r.t. / 2 h n/a Brown solution containing free ligand 

DMSO 100 °C / 2 h n/a Green-brown solution, paramagnetic 

5:1 1,4-dioxane : 

H2O 

r.t. / 1 h n/a Green solution, paramagnetic 

biphasic H2O / 

benzene 

r.t. / 24 h n/a Green aq. phase, colourless org. phase and insoluble 

black ppt. 

biphasic H2O / 

toluene 

r.t. / 1 h NaHCO3 Green aq. phase, colourless org. phase and insoluble 

black ppt. 

[Ru(DMF)6](OTf)2 

THF r.t. / 16 h n/a Red-brown solution with insoluble black ppt. 

DMF r.t. / 2 h n/a Red solution containing free ligand 

DMF 75 °C / 16 h n/a Red-brown solution with decomposition of ligand 

DMF r.t. / 72 h n/a Red-brown solution with decomposed ligand 

MeOH r.t. / 3 h n/a Red solution with decomposed ligand 

biphasic H2O / 

Et2O 

r.t. / 1 h n/a Green aq. phase and colourless org. phase containing 

free ligand 

“Ru-blue” 

1) 3:2 EtOH : H2O 

2) H2O 

1) reflux / 1 h 

2) reflux / 1h 

1) n/a 

2) AgOTf 

Green filtrate, paramagnetic 

Ru(acac)3 

MeOH reflux / 2 h n/a Red solution of unreacted Ru(acac)3 and free ligand 

EtOH reflux / 4 h Zn Zn(dpaS)
+
 complex formed (observed by ESI-MS) 

toluene reflux / 16 h n/a Red solution with decomposed ligand 

RuCl2(DMSO)4 

MeOH r.t. / 30 min n/a Orange-red solution with decomposed ligand 

MeOH reflux / 1 h LiOMe Red solution with decomposed ligand 

EtOH reflux / 30 min AgOTf Green filtrate, paramagnetic 

CH2Cl2 r.t. / 1 h n/a Red solution of unreacted RuCl2(DMOS)4 and free 

ligand 

CH2Cl2 r.t. / 16 h n/a Red solution of unreacted RuCl2(DMOS)4 and free 

ligand 

RuCl2(NCMe)4 

MeOH reflux / 1 h LiOMe Green-brown solution with decomposed ligand 

 



 

 

94 

 

5.2.2 [RuL2(Bipy-S2)] 

 The bipy-(SH)2 ligand was synthesized as reported by Newkome et al. and summarized in 

Scheme 18.
105,106

  A palladium catalyzed coupling reaction was used to generate 6,6'-

dimethylbipy from 2-bromo-6-methylpyridine.  Radical chlorination was then used to produce 

6,6'-bis(chloromethyl)bipy and treatment with thiourea followed by base hydrolysis yielded the 

free di-thiol ligand. 

 

Scheme 18:  Bipy-(SH)2 synthesis. 

 

 Attempts at formation of the desired RuL2(bipy-S2) (L = H2O, NCMe, etc.) complex proved 

unsuccessful.  In many cases insoluble black precipitates quickly formed upon combination of 

bipy-(SH)2 with a ruthenium source while in other circumstances the ligand either decomposed 
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or remained in solution unreacted.  A summary of the attempted reactions is presented in Table 

15. 

Table 15:  Conditions of attempted reactions for production of RuL2(bipy-S2) (L = labile ligand, i.e., H2O, MeCN, 

etc.). 

Solvent Temperature / 

time 

Additional reagents Observations after reaction 

RuCl3·xH2O 

1) EtOH 

2a) H2O 

2b) MeCN 

1) reflux / 16 h 

2a) reflux / 1 h 

2b) reflux / 1 h 

1) Et3N 

2a/b) AgOTf 

a) Light orange filtrate, negligible product present 

b) Red filtrate, paramagnetic 

[Ru(OH2)6](OTs)2 

1:1 MeOH : 

MeCN 

r.t. / 2 h n/a Green solution with free ligand, insoluble brown ppt. 

gradually crashed from solution over several hours 

[Ru(DMF)6](OTf)3 

biphasic H2O / 

toluene 

r.t. / 20 min  NaHCO3 Green aq. phase, colourless org. phase with unreacted 

ligand and insoluble brown ppt. 

acetone reflux / 2 h n/a Red solution, paramagnetic 

[Ru(DMF)6](OTf)2 

biphasic H2O / 

toluene 

r.t. / 16 h n/a Light pink aq. phase and colourless org. phase with 

unreacted ligand 

DMF r.t. / 1 h n/a Orange-red solution of unreacted ligand 

DMF 50 °C / 1 h n/a Red-brown solution, paramagnetic 

MeCN r.t. / 2 h n/a Orange solution of free ligand 

MeCN 50 °C / 6 h n/a Orange solution of free ligand 

“Ru-blue” 

1) 3:2 EtOH : 

H2O 

2) H2O 

1) reflux / 30 

min 

2) reflux / 1h 

1) n/a 

2) AgOTf 

Light pink filtrate with negligible amount of dissolved 

solids 

Ru(acac)3 

toluene 200 °C / 2 h 200 psi H2 pressure 

in autoclave 

Colourless solution and insoluble black ppt. 

RuCl2(DMSO)4 

CH2Cl2 r.t. / 1 h n/a Insoluble brown ppt. 

H2O reflux / 1 h NaHCO3 Black suspension of insoluble black ppt. 

DMSO 75 °C / 30 min AgOTf Red-brown solution with unreacted ligand 

toluene reflux / 2.5 h n/a Colourless suspension of insoluble black ppt. 

5:3 toluene : 

DMSO 

1) 75 °C / 1 h 

2) 75 °C / 30 

min 

1) AgOTf 

2) filter, add ligand 

Red solution, paramagnetic 

MeOH r.t. / 30 min n/a Red-brown solution with some unreacted ligand and 

paramagnetic species also present 

MeOH reflux / 1 h LiOMe Black suspension of insoluble black ppt. 

RuCl2(NCMe)4 

MeOH reflux / 1 h NaOMe Green suspension of insoluble black ppt. 

MeOH reflux / 1 h LiOMe Brown suspension of insoluble black ppt. 

MeCN reflux / 16 h n/a Black suspension of dark purple (paramagnetic) ppt.  
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5.3 Discussion 

 Both dpaSH and bipy-(SH)2 are only sparingly soluble in H2O at neutral pH, and this 

appeared to interfere with the synthetic strategy previously used for in situ preparation of the dpa 

and bambiby Ru
(II)

 complexes that inspired this ligand selection.  Reactions of 

[Ru(DMF)6](OTf)3 dissolved in water or alcohols with either ligand resulted in decomposition of 

the starting materials and / or generation of ill-defined, paramagnetic or possibly polymeric 

products.  Additionally, the in situ reduction of Ru
(III)

 to Ru
(II)

 previously reported by Oswin
72

 

and Minard
73

 did not proceed, suggesting that a primary or secondary amine functional in the 

coordinating ligand may be necessary for this auto-reduction of Ru
(III)

 by DMF in aqueous 

environments (via DMF + H2O  CO2 +  Me2NH2
+
 + H

+
 + 2 e

-
). 

 Further, the frequent decomposition of the dpaSH ligand under relatively mild conditions 

(room temperature or gentle heating) suggested that the Ru
(III)

 starting material may be acting as 

an oxidant generating free radicals on the sulfur atom leading to a multitude of decomposed and 

cross linked organic bi-products.  The dpaSH ligand is relatively easy to oxidize to an N-S 

heterocycle (5) with the structure shown in Scheme 19, and this product was detected following 

some reactions with this ligand. 

 Further, Brand et al. attempted to use 5 as a source of the dpaS ligand for coordination with 

Zn by in situ reductive ring opening and found this strategy to be unsuccessful.
107

  They 

observed that it was not possible to reductively open this particular thiazolidine ring using 

LiAlH4, NaBH4, BH3, Na in NH3(l) or Zn/Hg amalgam, unlike other thiazolidine ring containing 
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molecules in which this synthetic strategy was successful at yielding chelating thiolate ligands.  

This suggests that the reduction of 5 is quite difficult, and therefore the oxidation of free dpaSH 

should be relatively easy.  

 

Scheme 19:  Oxidation of the dpaSH ligand leading to formation of a thiazolidine ring and / or decomposition. 

 

 Even working with Ru
(II)

 precursors, reactions with dpaSH did not result in the formation of 

well-defined mononuclear species, but rather led to either no reaction or decomposition of the 

ligand and / or ruthenium materials.  There was however one exception, when a well-defined, 

mononuclear [Zn(dpaS)]
+
 species was formed after Zn was added as a reducing agent for 

Ru(acac)3.  The Zn containing complex is the only reported transition metal complex with dpaS 

in the literature and was prepared by Kurosaki et al. by reaction of dpaSH with ZnCl2 and NaOH 

in MeOH.
108

  Since it is so simple to form a complex between this ligand and Zn, but no complex 

with ruthenium could be prepared regardless of the ruthenium starting material, it seems that a 

mononuclear Ru-dpaS species is not a thermodynamic sink for this particular metal – ligand 

system. 
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 The bipy-(SH)2 ligand did not appear to suffer from the same ease of oxidation as the dpaSH 

ligand, however reaction with a variety of ruthenium starting materials frequently led to rapid 

formation of brown or black precipitates that were insoluble in H2O, alcohols, benzene, toluene, 

CH2Cl2, acetone and MeCN.  This suggested that the ligand may be preferentially acting as a 

bridging ligand and leading to polymeric type species as illustrated in Figure 17. 

 

Figure 17:  Possible structure of polymeric species formed by bridging bipy-S2 ligand. 

 

 Preferential bridging behaviour has been observed with other tetradentate ligands and 

ruthenium, for example the tetradentate analogue of terpyridine, quarterpyridine
109

, and this type 

of bridging preference may also be present with bipy-S2, explaining the inability to form well-

defined mononuclear complexes of between Ru
(II)

 and bipy-S2. 

 

Figure 18:  Structure of quaterpyridine shown in its preferred bridge-binding conformation. 

 

 Alternatively, thiolate ligands are also capable of acting as bridging ligands by coordinating to 

multiple metal centres from the same sulfur atom, and this could also lead to precipitate 
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formation by aggregation of multiple metal centres and ligands in a non-uniform manner.  

Aggregate formation is reported to be a larger problem with aliphatic thiolates than aromatic 

thiolates, and this may explain why aggregation was not observed with the QuS ligand but was 

potentially quite problematic when two aliphatic thiolate groups were introduced on the same 

ligand.
107

 

 

5.4 Conclusions 

 Two potentially tetradentate ligands containing free thiol groups, dpaSH and bipy-(SH)2, were 

prepared but attempts to synthesize Ru
(II)

 complexes with these ligands proved unsuccessful.  

This may have resulted from the presence of aliphatic thiol groups in these ligands leading to a 

combination of ligand oxidation and metal aggregation by bridging sulfur atoms as 

decomposition pathways.  Alternatively, the bipy-S2 ligand may prefer to coordinate as a 

bridging, bis-bidentate ligand rather in a tetradentate manner, in analogy to the behaviour 

observed for the quaterpyridine ligand.  Replacement of the bipy motif in bipy-(SH)2 with 

phenanthroline, yielding the analogous phen-(SH)2 (see Figure 19), would remove the possibility 

of bis-bidentate bridging due to introduction of a rigid backbone and is therefore a logical new 

ligand to investigate. 

 The phen-(SH)2 ligand would still contain aliphatic thiol groups however, and therefore the 

potential problem of metal aggregation may still be prohibitive to working with this ligand.  It 

may therefore be more beneficial to change to a ligand that has an SNNS binding motif but with 
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aromatic rather than aliphatic thiol groups.  Indeed, the only family of complexes between Ru 

and a tetradentate SNNS ligand reported in the literature has aromatic thiol groups on the 

ligand.
110-112

  The basic core of the ligand, 1,2-bis(2-mercapto-anilino)ethane and its mode of 

coordination to Ru
(II)

 is shown in Figure 20 (modifications have also been made to the ligand by, 

for example, the addition of methyl groups to the amines or the en backbone).
110,111

 

 

Figure 19:  Structures of bipy-(SH)2 and the analogous phen-(SH)2. 

 

Figure 20:  Structure of 1,2-bis(2-mercapto-anilino)ethane and the mode of coordination to Ru
(II)

.  

 

  The Ru
(II)

 complexes were reported to have good thermal stability, but have not, to the 

author’s knowledge, been assessed as hydrogenation catalysts.  Therefore, preparation and 

evaluation of a pro-catalyst consisting of ruthenium, this ligand and two labile ligands (i.e., 

NCMe, OH2, etc.) would be a highly desirable area for future study. 
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5.5 Experimental 

5.5.1 2,2'-Dipicolylamine 

The procedure reported by Oswin was followed.
72

  Pyridine carboxaldehyde (9.86 g, 92.0 mmol) 

was dissolved in methanol (20 mL).  Picolylamine (9.95 g, 92.0 mmol) was added drop wise 

causing a color change from orange to red.  The solution was stirred 30 min, then diluted with 

methanol (100 mL) and palladium on carbon was added (0.509 g).  Hydrogen was bubbled 

through the mixture for 4 h.  The solution was filtered through Celite
®
 to remove Pd/C and the 

solvent removed in vacuo yielding a yellow-orange oil.  The pure product distilled at 108 °C, 

200 mTorr, yielding a bright yellow oil.  Yield: 11.4 g; 62%.  
1
H NMR: (400 MHz, D2O, δ): 3.56 

(s, 4H), 7.06 (dd, J1 = 5.5 Hz, J2 = 6.5 Hz, 2H), 7.11 (d, J = 7.8 Hz, 2H), 7.55 (t, J = 7.6 Hz, 2H), 

8.17 (d, J = 4.4 Hz, 2H).  
13

C NMR: (100 MHz, D2O, δ): 52.68 (CH2), 122.73 (CH), 122.95 

(CH), 137.85 (CH), 148.09 (CH), 157.23 (C). 

5.5.2 2-[Bis(2-pyridinylmethyl)amino]ethanethiol 

The procedure reported by Lazarova et al. was followed with slight modification.
104

  The 

following was performed with the exclusion of oxygen using standard Schlenk technique.  

Dipicolylamine (2.00 g, 10.0 mmol) was dissolved in benzene (4 mL).  Separately, 

ethylenesulfide (1.2 mL, 20 mmol) was dissolved in benzene (4 mL).  The ethylenesulfide 

solution was added and the combined mixture stirred at 65 °C for 48 h, resulting in a colour 

change from bright yellow to orange.  The solution was cooled to room temperature and filtered.  

The solvent was removed in vacuo yielding a foul smelling, dark orange oil.  The pure product 
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was isolated as a yellow oil by column chromatography under open atmosphere (silica gel 

column, 1:1 EtOAc : 
i
PrOH eluent) and stored under Ar.  Yield:  1.95 g; 75%.  

1
H NMR: (400 

MHz, CDCl3, δ): 1.55 (t, J = 7.4 Hz, 1H), 2.58 (q, J = 7.2 Hz, 2H), 2.73 (t, J = 7.1 Hz, 2H), 3.76 

(s, 4H), 7.06 (ddd,
 
J1 = 7.4 Hz, J2 = 4.9 Hz, J3 = 1.2 Hz, 2H), 7.46 (dt, J1 = 7.8 Hz, J2 = 1.2 Hz, 

2H), 7.57 (td, J1 = 7.7 Hz, J2 = 1.8 Hz, 2H) 8.44 (ddd, J1 = 4.9 Hz, J2 = 1.8 Hz, J3 = 0.9 Hz, 2H).  

13
C: (100 MHz, CDCl3, δ): 22.65 (CH2), 57.12 (CH2), 60.31 (CH2), 122.26 (CH), 123.23 (CH), 

136.62 (CH), 149.22 (CH), 159.4 (C). 

5.5.3 6,6'-Dimethyl-2,2'-bipyridine 

The procedure reported by Cassol et al. was followed.
113

  2-Bromo-6-methylpyridine (23.1 g, 

134 mmol) was dissolved in dimethylformamide (26 mL) and water (8 mL) and purged with Ar.  

K2CO3 (18.5 g, 134 mmol), Pd(OAc)2 (1.51 g, 6.73 mmol) and 
n
Bu4NBr (21.6 g, 67.0 mmol) 

were added and the solution heated to reflux under Ar.  
i
PrOH (15 mL) was added and the 

mixture refluxed under Ar for 66 h.  The resulting solution was cooled to room temperature and 

filtered.  The filtrate was transferred to a separatory funnel.  The reaction flask and isolated solid 

were washed with EtOAc (200 mL) resulting in the dissolution of most of the solid, leaving 

behind a black residue.  The wash was added to the sep. funnel and used to extract the product 

from the aqueous phase.  This washing and extraction was repeated (3  200 mL) and all organic 

extracts combined.  The extract was washed with brine (2  200 mL) then dried over Na2SO4 and 

evaporated to dryness in vacuo.  The resulting brown, oily residue was purified by column 

chromatography (45 × 300 mm silica gel stationary phase, 4:1 hexane : EtOAc eluent) then 

recrystallized from hexanes to yield the pure product as white needles.  Yield:  9.87 g, 80%.  
1
H 
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NMR: (400 MHz, CDCl3, δ): 8.17 (d, J = 7.8 Hz, 1H), 7.68 (t, J = 7.7 Hz, 1H), 7.14 (d, J = 7.6 

Hz, 1H), 2.63 (s, 3H).  
13

C NMR: (100 MHz, CDCl3, δ): 158.09 (C), 156.16 (C), 137.24 (CH), 

123.29 (CH), 118.38 (CH), 24.93 (CH3). 

5.5.4 6,6'-Bis(chloromethyl)-2,2'-bipyridine 

The procedure reported by Newkome et al. was followed with modification.
105

  6,6’-

Dimethylbipyridine (2.61 g, 14.1 mmol) and N-chlorosuccinimide (4.75 g, 35.6 mmol) were 

dissolved / suspended in CCl4 (75 mL) and heated to reflux.  Benzoyl peroxide (0.507 g, 1.46 

mmol) was added the mixture refluxed for 2 h resulting in a light yellow solution.  At this point 

TLC analysis (silica on aluminum, DCM mobile phase) showed that the desired product (rf = 

0.26) was the major component and formation of over chlorinated species was beginning.  The 

solvent was distilled off leaving a yellow residue that was dissolved in DCM (300 mL) and 

washed with sat. Na2CO3 (2  75 mL) followed by brine (75 mL).  The organic phase was dried 

over Na2SO4 and evaporated to dryness, leaving an off white residue that was purified by column 

chromatography (45  300mm silica gel column, 9:1 DCM : hexanes eluent) to yield the desired 

product as a pale yellow powder.  Recrystallization from hexanes provided the pure product as 

colourless crystals.  Yield: 1.23 g; 34%.  
1
H NMR: (400 MHz, CDCl3, δ): 8.39 (d, J = 7.9 Hz, 

1H), 7.85 (t, J = 7.8 Hz, 1H), 7.51 (d, J = 7.7 Hz, 1H), 4.75 (s, 2H).  
13

C NMR: (100 MHz, 

CDCl3, δ): 156.18 (C), 155.42 (C), 138.09 (CH), 123.02 (CH), 120.61 (CH), 47.06 (CH2). 
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5.5.5 2,2'-Bipyrine-6,6'-dimethanethiouronium chloride 

The procedure reported by Newkome et al. was followed with modification.
106

  6,6'-

Bis(chloromethyl)-2,2'-bipyridine (1.68 g, 6.64 mmol) and thiourea (1.08 g, 14.2 mmol) were 

suspended in EtOH (50 mL) and heated to reflux resulting in an initial clear solution from which 

white precipitate formed over a period of 2 h at reflux.  The mixture was then cooled to 0 °C and 

the pure product collected by filtration.  Yield: 2.01 g; 75%.  
1
H NMR: (400 MHz, D2O, δ): 7.92 

(t, J = 8.6 Hz, 2H), 7.88 (d, J = 7.9 Hz, 2H), 7.47 (d, J = 7.3 Hz, 2H), 4.47 (s, 4H).  
13

C NMR: 

(100 MHz, D2O, δ): = 171.59 (C), 155.38 (C), 154.58 (C), 139.72 (CH), 124.02 (CH), 121.33 

(CH), 36.29 (CH2). 

5.5.6 2,2'-Bipyridine-6,6'-dimethanethiol 

The procedure reported by Newkome et al. was followed with modification.
106

  2,2'-Bipyridine-

6,6'-dimethanethiouronium chloride (2.01 g, 4.97 mmol) was suspended in water (150 mL), 

cooled to 5 °C and bubbled with Ar for 1 h.  While maintaining the same Ar flow, NaOH (1.58 

g, 39.5 mmol) was added and the mixture stirred at T < 10 °C for 10 min.  The solution was then 

allowed to warm to room temperature and stirred under Ar overnight.  The resulting pale yellow 

solution was washed with 2  20 mL TBME, the pH adjusted to 7 with conc. HCl and then 

extracted with 3  50 mL DCM.  The organic extracts were dried over Na2SO4 and evaporated in 

vacuo providing an off-white solid that was sublimed at 95 °C, 30 mTorr to yield the pure 

product as a foul smelling white powder that was stored under Ar.  Yield: 0.578 g; 47%.  
1
H 

NMR: (400 MHz, CDCl3, δ): 8.34 (d, J = 7.8 Hz, 2H), 7.80 (t, J = 7.8 Hz, 2H), 7.37 (d, J = 7.5 
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Hz, 2H), 3.94 (d, J = 7.9 Hz, 4H), 2.14 (t, J = 7.8 Hz, 2H).  
13

C NMR: (100 MHz, CDCl3, δ): 

159.59 (C), 159.58 (C), 138.05 (CH), 122.60 (CH), 119.73 (CH), 31.01 (CH2). 

5.5.7 Hexakis(N,N-dimethylformamide) ruthenium (III) triflate 

The procedure reported by Judd et al. was followed with modification.
114

  RuCl3·xH2O (2.02 g, 

7.72 mmol), platinum black (0.0073 g, 0.037 mmol) and dry dimethylformamide (160 mL) were 

combined, stirred and bubbled with H2 for 4 h resulting in a deep blue solution.  Silver triflate 

(7.92 g, 30.9 mmol) was added resulting in an immediate colour change to yellow and the 

gradual formation of grey precipitate.  The mixture was heated at 135 °C for 1 hr, then cooled to 

room temperature and filtered through Celite
®
 yielding a clear, dark yellow solution.  The 

solution was concentrated to a yellow oil, then ethyl ether was added (100 mL) and the mixture 

stirred 5 min.  The mixture was cooled to -20 °C, the ether decanted and last traces of ether 

removed under vacuum.  5 mL of anhydrous ethanol was added and the solution cooled to -20 °C 

resulting in the formation of bright yellow crystals.  These were filtered and recrystallized from 

ethanol with hot filtration, yielding the product as a bright yellow powder.  Yield:  2.88 g; 38%. 

5.5.8 Hexakis(N,N-dimethylformamide) ruthenium (II) triflate 

The procedure reported by Judd et al. was followed.
114

  [Ru(DMF)6](OTf)3 (0.298 g, 0.302 

mmol) was dissolved in N,N-dimethylformamide (20 mL) and Pt black (0.0034 g, 0.017 mmol) 

was added.  The yellow solution was stirred and bubbled with H2 gas for 2 h.  The resulting red 

solution was filtered, concentrated to ~5 mL and layered with Et2O (100 mL) resulting in the 
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formation of a microcystalline orange-red powder.  The powder was collected by filtration and 

washed with Et2O (20 mL). Yield:  0.238 g, 94%.  The product was stored under Ar at -20 ºC. 

5.5.9 Ruthenium (IV) oxide 

The procedure reported by Fellay et al. was followed.
115

  RuCl3·xH2O (2.97 g, 11.3 mmol) was 

suspended in a solution of sodium hydroxide (24.7 g, 618 mmol) in water (120 mL).  The 

mixture was heated at 75 ºC for 1 h then allowed to cool to room temperature and stirred for an 

additional 16 h.  Hydrogen peroxide (3 drops of 30% aqueous solution) was added and the 

mixture stirred 1 h.  The precipitate was collected by filtration and washed with water (3  100 

mL) then dried 12 h at 125 ºC.  Yield: 1.93 g; 128%.  Note: NaCl and NaOH impurities present 

are essential for production of [Ru(OH2)6](OTs)2 in subsequent steps. 

5.5.10 Hexaaqua ruthenium (II) tosylate 

The procedure reported by Fellay et al. was followed.
115

  The following was performed with the 

exclusion of oxygen using standard Schlenk technique unless otherwise stated.  The apparatus 

shown in Figure 21 was used.  A continuous argon flow was maintained through the apparatus 

for the entire procedure and the reaction was kept in the dark.  Sodium periodate (10.3 g, 48.2 

mmol) and water (85 mL) were cooled to 0 ºC in flask A.  Pb (20.3 g, 100 mmol) was cleaned 

with 50% HNO3 (30 mL) then rinsed with water (3  50 mL) and added to flask B along with 

H2SiF6 (140 mL, 1 M aqueous solution).  Pb (3.2 g, 16 mmol) and H2SiF6 (35 mL, 1 M) were 

also added to flask C.  The entire apparatus was purged with Ar 1 h, then RuO2 (1.96 g, 147 

mmol) and CeO2 (0.124 g, 0.720 mmol) were added to flask A.  The flask was stirred for 20 min, 
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then 75% H2SO4 (42 mL, 306 mmol) was added drop-wise to A.  Flask A was warmed to room 

temperature and the reaction stirred for 48 h.  Flask A was then heated to 80 °C and stirred for an 

additional 24 h, resulting in a dark purple solution in flask B and a colourless solution with black 

precipitate in flask A.  The remainder of the procedure was performed under ambient lighting.  2 

M H2SO4 (42 mL, 84 mmol) was added to flask B and the resulting slurry stirred for 10 min.  

The precipitated PbSO4 was filtered off leaving a clear pink filtrate that was loaded onto a 

DOWEX 50WX8-400 cation exchange column.  The column was washed with water (125 mL) 

then 0.1 M tosylic acid (300 mL).  These washes were discarded, and the product was eluted 

with 2 M tosylic acid (400 mL).  The eluent was concentrated to a volume of ~20 mL, resulting 

in the formation of pink crystals.  The mixture was cooled to 4 ºC then filtered.   The solid was 

stirred in ethyl acetate (60 mL) for 30 min then filtered and the filtrate discarded.  This was 

repeated twice more, yielding the pure product as a pink powder that was washed with diethyl 

ether (60 mL) and dried in vacuo.  Yield:  2.05 g; 32% (calculated from RuCl3 x H2O). 

 

Figure 21:  Apparatus used in the synthesis of [Ru(OH2)](OTs)2. 
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5.5.11 Cis-dichlorotetrakis(DMSO) ruthenium (II) 

The procedure reported by Schweitzer et al. was followed.
116

  RuCl3·xH2O (2.00 g, 7.65 mmol) 

was suspended in DMSO (80 mL) and heated to near reflux resulting in a clear yellow solution.  

The solvent was removed by vacuum distillation to near dryness, resulting in the formation of 

yellow precipitate.  Acetone (20 mL) was added to complete precipitation and the product was 

isolated by filtration then washed with acetone.  Yield: 2.76 g; 72% bright yellow solid.  m.p.: 

185-186 °C (lit 193 °C). 

Alternatively, to avoid the need to distill DMSO the procedure reported by Bratsos et al. was 

followed.
117

  RuCl3·xH2O (2.00 g, 7.65 mmol) was dissolved in EtOH (50 mL) and refluxed 

under Ar 4 h resulting in a dark hunter green-solution that was filtered and evaporated to dryness 

leaving a dark green oil.  DMSO (8 mL) was added and the flask submerged into an oil bath 

preheated to 150 °C.  The solution was stirred at this temperature for 2 h under Ar, resulting in 

an orange-yellow solution and bright yellow ppt.  The suspension was cooled to room 

temperature, acetone (60 mL) was added to complete precipitation and the suspension was 

allowed to settle overnight.  The yellow precipitate was collected by filtration, washed with 

acetone and dried in vacuo.  Yield: 1.74 g; 47% bright yellow solid. 

5.5.12 Di-µ-chlorodichlorobis(η
6
-1,3,5-cycloheptatriene) di-ruthenium(II) 

The procedure reported by Johnson et al. was followed.
118

  RuCl3·xH2O (3.03 g, 11.6 mmol) was 

dissolved in EtOH (45 mL) and filtered.  Cycloheptatriene (3 mL, 29 mmol) was added and the 

red-brown solution purged with Ar 10 min then refluxed under Ar overnight.  The resulting 
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brown precipitate was collected by filtration from the pale orange solution and washed with 

Et2O.  Yield:  3.06 g; 100%. 

5.5.13 Trans-dichlorotetrakis(acetonitrile) ruthenium (II) 

The procedure reported by Johnson et al. was followed.
118

  [(µ-Cl)RuCl(η
6
-CHT)]2 (CHT = 

1,3,5-cycloheptatriene) (3.06 g, 5.79 mmol) was refluxed under Ar in MeCN (50 mL) for 72 h 

resulting in the formation of yellow precipitate that was collected by filtration, washed with Et2O 

and dried in vacuo.  Yield:  3.43 g; 88%. 
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6 Summary and General Conclusions 

 In summary, the catalyst [Ru(OH2)3(phterpy)](OTf)2 (1) was shown to be capable of 

converting 2,5-hexanedione to mixtures of 2,5-dimethyltetrahydrofuran (2,5-DMTHF) and 2,5-

hexanediol in high combined yield at temperatures ranging from 150 – 225 °C in water.  Higher 

temperatures favored 2,5-DMTHF production with significant amounts of 2,5-hexanediol only 

observed at the lower temperatures of 150 and 175 °C.  Moving one step farther back on the C6 

value chain to 2,5-dimethylfuran (2,5-DMF), the same products could be produced but 

competing substrate decomposition arising from the low solubility of 2,5-DMF in water resulted 

in lower yields.  Changing the solvent to 5:1 1,4-dioxane : H2O minimized substrate 

decomposition, but also slowed the catalyst.  Extending the reaction time from 16 to 40 h at 225 

°C allowed production of 2,5-DMTHF in 78% yield.  Additionally, increasing the catalyst load 

allowed production of up to 11% hexanes but also increased substrate decomposition. 

 The activity of 1 greatly diminished upon the addition of acids or bases.  The catalyst also did 

not exhibit recyclability, and the reason for catalyst deactivation was determined to be formation 

of the inactive [Ru(phterpy)2](OTf)2 (2) bis-chelate complex. 

 In an attempt to extend catalyst life it was hypothesized that formation of 2 could be 

prevented by incorporating bidentate ligands in the coordination sphere of 1, thereby decreasing 

the number of ‘free’ coordination sites from three to one.  Two bidentate ligands were 

investigated, bipyridine (bipy) and 8-quinolinethiolate (QuS).  [Ru(OTf)(bipy)(phterpy)](OTf) 

(3), was synthesized but demonstrated very low activity for hydrogenation of 2,5-hexanedione. 
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 [Ru(NCMe)(QuS)(phterpy)](OTf) (4) on the other hand was an active catalyst for production 

of 2,5-hexanediol with good selectivity from 2,5-hexanedione or 2,5-DMF in water at 

temperatures ranging from 175 – 200 °C.  At 225 °C, product distributions favored 2,5-DMTHF 

as a major product instead.  Recyclability was demonstrated for hydrogenation of 2,5-

hexanedione at 200 °C, supporting the hypothesis that incorporating a bidentate ligand would 

extend catalyst life.  2,5,8-Nonanetriol, a potentially very valuable polymer cross linker not 

easily accessible by other synthetic strategies could also be produced from the LANL C9 

substrate by this catalyst in water at 200 °C. 

 Use of solvents other than water (ethanol, sulfolane, 1,4-dioxane or γ-valerolactone) resulted 

in near complete deactivation of 4 as did the addition of acid (at even 0.5 eq. w.r.t. the catalyst).  

Formation of 2 was still observed from 4, albeit slower than from 1, and this led to eventual 

catalyst deactivation.  Comparison of the activities of 3 and 4 and an in silico investigation of the 

catalyst mechanism supported a metal-ligand bifunctional mechanism for 4.  

 It was hypothesized that ligands capable of tetradentate coordination may achieve better long-

term temperature stability and two such ligands, 2-[bis(2-pyridinylmethyl)amino]ethanethiol 

(dpaSH) and 2,2'-bipyridine-6,6'-dimethanethiol (bipy-(SH)2), were synthesized.  However, all 

attempts at coordination of these ligands to Ru
(II)

 unfortunately proved unsuccessful. 

  Results from catalysts 1 and 4 supported the hypothesis that value added chemicals could be 

produced from biomass available substrates using homogeneous catalysts.  The ability of 1 to 

produce hexanes, albeit in low yield, supported the central hypothesis that it is possible, in 

principle, to produce the same fuels and / or chemicals from biomass as from fossil fuel 
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resources by fully deoxygenating biomass substrates to alkanes to allow use of the existing 

infrastructure in the petrochemical industry. 

 Experiments with 4 further demonstrated that highly valuable compounds not currently 

available from fossil fuel resources could be produced from biomass substrates (incidentally also 

following many of the principles of green chemistry – atom economy, safer solvents, renewable 

feedstocks, reduce derivatives, catalysis) exemplifying the unique opportunities that exist for 

production of new, high value commodity chemicals from biomass substrates by partial HDO. 

 The decomposition pathway for catalysts 1, 4 and presumably also 3 by formation of the bis-

chelate 2, illustrated the necessity for a long-lived catalyst to be a true thermodynamic global 

minimum for the metal – ligand system.  The high temperatures necessary for the HDO 

chemistry are needed to overcome the high activation barriers for the dehydration and / or ring 

opening of the substrates.  As a consequence of this however, sufficient energy is also present to 

overcome activation barriers leading to formation of the thermodynamically most stable metal-

ligand coordination mode.  With the tridentate phterpy ligands that thermodynamically most 

stable coordination was the bis-chelate 2 and as a result led to catalyst deactivation of any kinetic 

product procatalyst synthesized. 

 If however the thermodynamic sink for the metal and a given ligand would be an active 

catalyst for HDO of substrates, this would, in principle, lead to a catalyst with the desired long-

term high temperature stability.  Unfortunately there is no way of predicting exactly what the 

thermodynamic sink for a given metal – ligand system will be.  At the present state of 

knowledge, the only method of determining if a given complex will be a thermodynamic product 
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is to synthesize and evaluate it experimentally.  Furthermore, even the ability to prepare given 

ruthenium (II) – ligand complexes cannot be predicted, and ligands that one would expect to 

coordinate strongly to a ruthenium center do not always do so, as exemplified by the dpaSH and 

bipy-(SH)2 ligands studied herein. 

 Therefore, as is often the case in the field of catalysis research, future work will rely on 

continued preparation and evaluation of new potential catalysts.  Based on the observed 

formation of bis-chelates reported here with tridentate ligands, ligands of a tetradentate or 

pentadentate nature should be pursued in the future.  
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7 Recommendations 

 In addition to the two tetradentate SNNS ligands suggested in the previous chapter (1,10-

phenanthroline-2,9-dimethanethiol (phen-(SH)2) and 1,2-bis(2-mercapto-anilino)ethane (SenS) 

two pentadenate ligands are also suggested for future study:  2,6-bis(2-

mercaptophenylthio)dimethylpyridine (pyS4) and the thio-crown ether 1,4,7,10,13-

pentathiacyclopentadecane ([15]aneS5).  Ruthenium compounds have been prepared with the 

SenS
110-112

, pyS4
119,120

 and [15]aneS5 ligands
121

.  The structures (or anticipated structure in the 

case of phen-S2 coordination) of Ru
(II)

 complexes with these ligands are shown in Figure 22. 

 

Figure 22:  Structure or anticipated structure of Ru
(II)

 complexes with the proposed new ligands. 

 

 Complexes between Ru
(II)

 and the ligands SenS and pyS4 are reported to have high thermal 

stability, and have been prepared with labile NCMe, NH3 or DMSO ligands in the free 

coordination site(s).
110,111,120

   These molecules were synthesized to study small molecule 

activation in sulfur rich environments, specifically N2, but were also found to coordinate H2.  
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Therefore, these complexes may be able to activate H2, there is potential for MLB with 

participation of the aromatic thiolate groups, and high thermal stability may allow a catalyst with 

high TON. 

 The Ru
(II)

 – phenS2 complex has not been reported in the literature, but its synthesis, if 

achievable, would be a logical extension of the attempted Ru
(II)

 – bipy-S2 catalyst that could not 

be prepared in the current work and the [Ru(OH2)2(bambipy)](OTf)2 catalyst that inspired the 

bipy-S2 ligand selection. 

 Lastly, [RuCl([15]aneS5)](PF6) is reported in the literature but no assessment of temperature 

stability for this complex was made.
121

  High temperature stability is anticipated due to the large 

formation constant and the five soft – soft interactions between the thioether donor atoms and 

ruthenium.  Preparation of [RuL([15]aneS5)](OTf)2 (L = OH2, NCMe, etc.) could presumably be 

achieved by preparation of [RuCl([15]aneS5]Cl and subsequent treatment with AgOTf. 

 In all cases it is impossible to predict the activity of any of these potential catalysts, but 

knowledge from previous investigations suggests that there is potential for high temperature 

stability and activity for all four. 
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Appendix A:  Compound Data Sheets and Assigned Spectra 

 

Compound Name: 3-Phenyl-1,5-di(2-pyridyl)-1,5-pentanedione 

 

MW:  330.38 gmol
-1

 

 

Appearance: 

White crystalline powder 

 

Lit. and/or notebook # and 

page: 

Cave, G. W. V.; Raston, C. L. J. 

Chem. Soc.-Perkin Trans. 1 2001, 

3258. 

 

First made on date: 

Sep 27, 2013 

Made by:  
Ryan Sullivan 

 

 

 

 

 
1
H NMR: (400 MHz, CDCl3): δ = 3.68 (d of AB pattern, JAB = 17.6 Hz, J2 = 7.4 Hz, 4H), 4.14 

(p, J = 7.1 Hz, 1H), 7.11 (t, J = 7.2, 1H), 7.22 (t, J = 7.7 Hz, 2H), 7.35 (d, J = 7.4 Hz, 2H), 7.41 

(ddd, J1 = 8.4, J2 = 4.8, J3 = 1.0, 2H), 7.75 (td, J1 = 8.5, J2 = 1.7, 2H), 7.93 (ddd, J1 = 7.8, J2 = 1.2, 

J3 = 1.0, 2H), 8.61 (ddd, J1 = 4.8, J2 = 1.7, J3 = 0.9, 2H). 

 
13

C NMR: (100 MHz, CDCl3): δ = 36.14 (CH), 44.27 (C), 121.93 (CH), 126.44 (CH), 127.20 

(CH), 127.85 (CH), 128.49 (CH), 136.96 (CH), 144.70 (C), 148.95 (CH), 153.47 (C), 200.16 

(C). 

 

Synthesis and Structure:  
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Compound Name: 4′-Phenyl-2,2′:6′,2″-terpyridine 

 

MW:  309.36 gmol
-1

 

 

Appearance: 

White powder 

 

Lit. and/or notebook # and 

page: 

Cave, G. W. V.; Raston, C. L. J. 

Chem. Soc.-Perkin Trans. 1 2001, 

3258. 

 

First made on date: 

Sep 27, 2013 

Made by:  
Ryan Sullivan 

 

 

 

 

 
1
H NMR: (400 MHz, CDCl3): δ = 7.34 (ddd, J1 = 7.5 Hz, J2 = 4.8 Hz, J3 = 1.2 Hz, 2H), 7.47 (m, 

3H), 7.87 (m, 4H), 8.65 (dt, J1 = 8.0 Hz, J2 = 1.0 Hz,  2H), 8.71 (ddd, J1 = 4.8, J2 = 1.8, J3 = 0.9, 

2H), 8.72 (s, 2H). 

 
13

C NMR: (100 MHz, CDCl3): δ = 119.23 (CH), 121.68 (CH), 124.16 (CH), 127.66 (CH), 

129.23 (CH), 129.33 (CH), 137.20 (CH), 138.77 (C), 149.45 (CH), 150.66 (C), 156.21 (C), 

156.54 (C). 

 

 

Synthesis and Structure:  
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127 

 

Compound Name: Triaqua(4′-phenyl-2,2′:6′,2″-terpyridine)ruthenium(II) triflate 

 

MW: 762.62 gmol
-1

 

 

Appearance: 

Purple powder 

 

Lit. and/or notebook # and 

page: 

Taher, D.; Thibault, M. E.; Di 

Mondo, D.; Jennings, M.; Schlaf, 

M. Chemistry-a European 

Journal 2009, 15, 10132. 

 

First made on date: 

Oct 04, 2013 

Made by:  
Ryan Sullivan 

 

 
1
H NMR: (600 MHz, D2O):  = 7.26 (m, 3H), 7.52 (d, J = 7.0 Hz, 2H), 7.76 (t, J = 6.0 Hz, 2H), 

7.85 (t, J = 7.6 Hz, 2H), 7.93 (d, J = 8, 2H) 7.94 (s, 2H), 9.19 (d, 5.1 Hz, 2H). 

 
13

C NMR: (150 MHz, D2O):  = 118.32 (CH), 119.6 (q, JCF = 316 Hz, CF3SO3
–
), 122.68 (CH), 

126.37 (CH), 127.28 (CH), 129.02 (CH), 129.62 (CH), 135.39 (C), 137.64 (CH), 142.86 (C), 

152.93 (CH), 159.77 (C), 163.26 (C). 

 

 

Synthesis and Structure:  
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132 

 

Compound Name: Chloro(2,2'-biyridine)(4′-phenyl-2,2′:6′,2″-terpyridine) ruthenium(II) 

hexafluorophosphate 

 

MW:   747.04 gmol
-1

 

 

Appearance: 

Purple powder 

 

Lit. and/or notebook # and 

page: 

Rasmussen, S. C.; Ronco, S. E.; 

Mlsna, D. A.; Billadeau, M. A.; 

Pennington, W. T.; Kolis, J. W.; 

Petersen, J. D. Inorganic 

Chemistry 1995, 34, 821. 

 

First made on date: 

Aug 01, 2014 

Made by:  
Ryan Sullivan 

 

 

ESI-MS:  602.07 (M
+
) calc. [C31H23ClN5Ru]

+
: 602.07. 

 
1
H NMR: (400 MHz, acetone-d6): δ= 10.41 (dd, J1 = 5.6 Hz, J2 = 0.7 Hz, 1H), 9.10 (s, 2H), 8.93 

(d, J = 8.1 Hz, 1H), 8.87 (d, J = 7.9 Hz, 2H), 8.65 (d, J = 8.0 Hz, 1H), 8.44 (dt, J1 = 7.9 Hz, J2 = 

1.5 Hz, 1H), 8.26 (d, J = 7.1 Hz, 2H), 8.14 (ddd, J1 = 7.1 Hz, J2 = 5.6 Hz, J3 = 1.3 Hz, 1H), 8.03 

(dt, J1 = 7.9 Hz, J2 = 1.5 Hz, 2H), 7.89 (dd, J1 = 5.5 Hz, J2 = 0.7 Hz, 2H), 7.85 (dt, J1 = 7.6 Hz, J2 

= 0.9 Hz, 1H), 7.71 (t, 2H), 7.70 (d, 1H), 7.64 (t, J = 7.3 Hz, 1H), 7.44 (ddd, J1 = 7.6 Hz, J2 = 5.5 

Hz, J3 = 1.3 Hz, 2H), 7.14 (ddd, J1 = 7.3 Hz, J2 = 5.8 Hz, J3 = 1.3 Hz, 1H). 

 

 
13

C NMR: (100 MHz, acetone-d6): δ= 160.67 (C), 160.52 (C), 159.88 (C), 157.94 (C), 154.27 

(CH), 153.86 (CH), 153.68 (CH), 147.48 (C), 138.66 (C), 138.45 (CH), 138.18 (CH), 137.12 

(CH), 131.49 (CH), 130.99 (CH), 129.17 (CH), 128.88 (CH), 128.42 (CH), 127.91 (CH), 125.40 

(CH), 125.10 (CH), 124.92 (CH), 121.73 (CH). 

 

Synthesis and Structure:  
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141 

 

Compound Name: (2,2'-biyridine)(4′-phenyl-2,2′:6′,2″-terpyridine)(triflato) ruthenium(II) 

trifilate 

 

MW:   864.76 gmol
-1

 

 

Appearance: 

Cherry red powder 

 

Lit. and/or notebook # and 

page: 

Rasmussen, S. C.; Ronco, S. E.; 

Mlsna, D. A.; Billadeau, M. A.; 

Pennington, W. T.; Kolis, J. W.; 

Petersen, J. D. Inorganic 

Chemistry 1995, 34, 821. 

 

First made on date: 

Aug 15, 2014 

Made by:  
Ryan Sullivan 

 

 

ESI-MS
d
:  304.02 (M

2+
) calc. [C33H26N6Ru]

2+
: 304.06. 

 
 

1
H NMR

d
: (400 MHz, MeCN-d3): δ= 9.62 (d, J = 5.4 Hz, 1H), 8.83 (s, 2H), 8.63 (d, J = 8.0 Hz, 

1H), 8.58 (d, J = 8.0 Hz, 2H), 8.37 (d, J = 8.1 Hz, 1H), 8.33 (t, J = 7.8 Hz, 1H), 8.13 (d, J = 7.3 

Hz, 2H), 8.03 (t, J = 7.8 Hz, 2H), 7.98 (t, J = 6.2 Hz, 1H), 7.81 (t, J = 8.7 Hz, 1H), 7.73 (t, J = 7.1 

Hz, 2H), 7.71 (d, J = 4.5 Hz, 2H), 7.66 (t, J = 7.3 Hz, 1H), 7.36 (m, 3H), 7.09 (t, J = 6.2 Hz, 1H), 

2.10 (s, 3H). 

 

 
13

C NMR
d
: (100 MHz, MeCN-d3): δ= 159.34 (C), 158.54 (C), 158.51 (C), 156.80 (C), 154.10 

(CH), 153.35 (CH), 152.01 (CH), 150.22 (C), 139.40 (CH), 138.52 (CH), 138.27 (CH), 137.47 

(C), 131.41 (CH), 130.50 (CH), 128.73 (CH), 128.67 (CH), 128.41 (CH), 127.54 (CH), 126.03 

(C), 125.32 (CH), 125.05 (CH), 124.43 (CH), 122.37 (CH), 4.50 (CH3). 

 

                                                 
d
 NMR and mass spectra spectra collected after sitting 2 h in MeCN to allow replacement of the labile OTf

-
 ligand 

with MeCN 

Synthesis and Structure:  

 



 

 

1
4
2
 

 

 



 

 

1
4
3
 

 



 

 

1
4
4
 

 



 

 

1
4
5
 

 



 

 

1
4
6
 

 



 

 

1
4
7
 

 



 

 

1
4
8
 

 

 



 

 

1
4
9
 

 

 



 

 

1
5
0
 

 E
S

I-M
S

 sp
ectru

m
 o

f 9
1

%
 p

u
re [R

u
(O

T
f)(b

ip
y
)(p

h
terp

y
)](O

T
f)

2  u
sed

 fo
r h

y
d

ro
g
en

atio
n
 

ex
p
erim

en
ts (M

eC
N

 so
lu

tio
n
, +

v
e io

n
izatio

n
 m

o
d
e): 

 

 



 

 

1
5
1
 

 1H
-N

M
R

 sp
ectru

m
 o

f 9
1

%
 p

u
re [R

u
(O

T
f)(b

ip
y
)(p

h
terp

y
)](O

T
f)

2  u
sed

 fo
r h

y
d

ro
g
en

atio
n
 

ex
p
erim

en
ts (4

0
0
 M

H
z, M

eC
N

-d
3 ): 

 



 

 

152 

 

Compound Name: Chloro(4′-phenyl-2,2′:6′,2″-terpyridine)(8-quinolinethiolate) ruthenium(III) 

chloride 

 

MW:   641.56 gmol
-1

 

 

Appearance: 

Red powder 

 

Lit. and/or notebook # and 

page: 

RS-III-34, pg 41 

 

First made on date: 

Feb 25, 2014 

 

Made by:  
Ryan Sullivan 

 

 

 

 

 

ESI-MS:  605.9 (M
+
) calc. [C30H21ClN4SRu]

+
: 606.02. 

 

Synthesis and Structure:  
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Compound Name: (Acetonitrile)(4′-phenyl-2,2′:6′,2″-terpyridine)(8-quinolinethiolate) 

ruthenium(II) triflate 

 

MW:   719.72 gmol
-1

 

 

Appearance: 

Cranberry-red powder 

 

Lit. and/or notebook # and 

page: 

RS-III-54, pg 62 

 

First made on date: 

Mar 26, 2014 

 

Made by:  
Ryan Sullivan 

 

 

 

 

 

 

ESI-TOF-MS: 571.0523 (M-NCMe)
+
 calc. [C30H21N4RuS]

+
: 571.0525 

 
1
H NMR: (400 MHz, MeCN-d3): δ= 9.66 (dd, J1 = 5.1 Hz, J2 = 1.4 Hz, 1H), 8.63 (s, 2H), 8.50 

(d, J = 7.9 Hz, 2H), 8.40 (dd, J1 = 8.4 Hz, J2 = 1.2 Hz, 1H), 8.06 (d, J = 7 Hz, 2H), 7.94 (t, J = 8.0 

Hz, 2H),  7.81 (d, J = 5.4 Hz, 2H), 7.70 (dd, J1 = 8.3 Hz, J2 = 5.0 Hz, 1H), 7.65 (t, J = 7.6 Hz, 

2H), 7.59 (t, J = 7.2 Hz, 1H), 7.50 (d, J = 7.9 Hz, 1H), 7.42 (d, J = 7.1 Hz, 1H), 7.33 (t, J = 6.3 

Hz, 2H), 7.28 (t, J = 7.7 Hz, 1H), 2.01 (s, 3H). 

 
13

C NMR: (100 MHz, MeCN-d3): δ= 159.66 (C), 159.15 (C), 154.01 (C),153.01 (CH), 152.80 

(C), 152.32 (CH), 146.93 (C), 137.94 (C), 137.89 (CH), 137.50 (CH), 132.24 (C), 130.80 (CH), 

130.73 (CH), 130.28 (CH), 128.41 (CH), 128.15 (CH), 127.93 (CH), 124.39 (CH), 122.91 (CH), 

121.07 (C), 120.08 (CH), 120.67 (CH), 4.11 (CH3). 

Synthesis and Structure: 
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Compound Name: 4-(5-Methyl-2-furanyl)-3-buten-2-one – purification only 

 

MW:  150.17 gmol
-1

 

 

Appearance: 

White powder 

 

Lit. and/or notebook # and 

page: 

RS-V-47, pg 53 

 

First made on date: 

Dec 12, 2014 (purification only, 

substrate provide by LANL) 

Made by:  
Ryan Sullivan 

 

 

 

 

 

 
1
H NMR: (400 MHz, CDCl3): δ = 7.20 (d, J = 15.8 Hz, 1H), 6.55 (d, J = 3 Hz, 1H), 6.53 (d, J = 

16.3 Hz, 1H), 6.09 (dd, J1 = 3.3 Hz, J2 = 0.9 Hz, 1H), 2.34 (d, J = 0.8 Hz, 3H), 2.30 (s, 3H). 

 

 
13

C NMR: (100 MHz, CDCl3): δ = 198.04 (C), 156.01 (C), 149.55 (C), 129.64 (CH), 122.67 

(CH), 117.73 (CH), 109.30 (CH), 27.99 (CH3), 14.07 (CH3).

Synthesis and Structure:  
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Compound Name: 2,2'-Dipicolylamine 

 

MW: 199.11  gmol
-1

 

 

Appearance: 

Yellow oil 

 

Lit. and/or notebook # and 

page: 

Oswin, C., University of Guelph, 

2013. 

 

First made on date: 

Nov 14, 2013 

Made by:  
Ryan Sullivan 

 

 

 

 

 

 
1
H NMR: (400 MHz, D2O): δ = 3.56 (s, 4H), 7.06 (dd, J1 = 5.5 Hz, J2 = 6.5 Hz, 2H), 7.11 (d, J = 

7.8 Hz, 2H), 7.55 (t, J = 7.6 Hz, 2H), 8.17 (d, J = 4.4 Hz, 2H). 

 
13

C NMR: (100 MHz, D2O): δ = 52.68 (CH2), 122.73 (CH), 122.95 (CH), 137.85 (CH), 148.09 

(CH), 157.23 (C). 

 

 

Synthesis and Structure:  
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Compound Name: 2-[Bis(2-pyridinylmethyl)amino]ethanethiol 

 

MW:  259.37 gmol
-1

 

 

Appearance: 

Yellow oil 

 

Lit. and/or notebook # and 

page: 

Lazarova, N.; Babich, J.; Valliant, 

J.; Schaffer, P.; James, S.; 

Zubieta, J. Inorganic Chemistry 

2005, 44, 6763.  

 

First made on date: 

Nov 19, 2013 

Made by:  
Ryan Sullivan 

 

 

 
1
H NMR: (400 MHz, CDCl3): δ = 1.55 (t, J = 7.4 Hz, 1H), 2.58 (q, J = 7.2 Hz, 2H), 2.73 (t, J = 

7.1 Hz, 2H), 3.76 (s, 4H), 7.06 (ddd,
 
J1 = 7.4 Hz, J2 = 4.9 Hz, J3 = 1.2 Hz, 2H), 7.46 (dt, J1 = 7.8 

Hz, J2 = 1.2 Hz, 2H), 7.57 (td, J1 = 7.7 Hz, J2 = 1.8 Hz, 2H) 8.44 (ddd, J1 = 4.9 Hz, J2 = 1.8 Hz, J3 

= 0.9 Hz, 2H). 

 

 
13

C NMR: (100 MHz, CDCl3): δ = 22.65 (CH2), 57.12 (CH2), 60.31 (CH2), 122.26 (CH), 123.23 

(CH), 136.62 (CH), 149.22 (CH), 159.4 (C). 

 

Synthesis and Structure:  

 

 



 

 

1
7
2
 

 

 



 

 

1
7
3
 

 

 



 

 

174 

 

Compound Name: 6,6'-Dimethyl-2,2'-bipyridine 

 

MW:  184.24 gmol
-1

 

 

Appearance: 

White needles 

 

Lit. and/or notebook # and 

page: 

Ref: Cassol, T. M.; Demnitz, F. 

W. J.; Navarro, M.; Neves, E. A. 

D. Tetrahedron Lett. 2000, 41, 

8203. 

 

First made on date: 

Oct 20, 2014 

Made by:  
Ryan Sullivan 

 

 

 

 
1
H NMR: (400 MHz, CDCl3): δ = 8.17 (d, J = 7.8 Hz, 1H), 7.68 (t, J = 7.7 Hz, 1H), 7.14 (d, J = 

7.6 Hz, 1H), 2.63 (s, 3H). 

 
13

C NMR: (100 MHz, CDCl3): δ = 158.09 (C), 156.16 (C), 137.24 (CH), 123.29 (CH), 118.38 

(CH), 24.93 (CH3). 

 

 

 

Synthesis and Structure:  
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Compound Name: 6,6'-Bis(chloromethyl)-2,2'-bipyridine 

 

MW:  253.13 gmol
-1

 

 

Appearance: 

Colourless crystals 

 

Lit. and/or notebook # and 

page: 

Newkome, G. R.; Puckett, W. E.; 

Kiefer, G. E.; Gupta, V. K.; Xia, 

Y.; Coreil, M.; Hackney, M. A. J. 

Org. Chem. 1982, 47, 4116. 

 

First made on date: 

Oct 27, 2014 

Made by:  
Ryan Sullivan 

 

 

 
1
H NMR: (400 MHz, CDCl3): δ = 8.39 (d, J = 7.9 Hz, 1H), 7.85 (t, J = 7.8 Hz, 1H), 7.51 (d, J = 

7.7 Hz, 1H), 4.75 (s, 2H). 

 
13

C NMR: (100 MHz, CDCl3): δ = 156.18 (C), 155.42 (C), 138.09 (CH), 123.02 (CH), 120.61 

(CH), 47.06 (CH2). 

 

 

 

Synthesis and Structure:  

 

 



 

 

1
7
8
 

 



 

 

1
7
9
 

 

 



 

 

180 

 

Compound Name: 2,2'-Bipyrine-6,6'-dimethanethiouronium chloride 

 

MW:  404.04 gmol
-1

 

 

Appearance: 

White powder 

 

Lit. and/or notebook # and 

page: 

Newkome, G. R.; Kohli, D. K. 

Heterocycles 1981, 15, 739. 

 

First made on date: 

Dec 08, 2014 

Made by:  
Ryan Sullivan 

 

 

 

 

 
1
H NMR: (400 MHz, D2O): δ = 7.92 (t, J = 8.6 Hz, 2H), 7.88 (d, J = 7.9 Hz, 2H), 7.47 (d, J = 7.3 

Hz, 2H), 4.47 (s, 4H). 

 
13

C NMR: (100 MHz, D2O): δ = 171.59 (C), 155.38 (C), 154.58 (C), 139.72 (CH), 124.02 (CH), 

121.33 (CH), 36.29 (CH2). 

 

 

 

Synthesis and Structure:  
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Compound Name: 2,2'-Bipyridine-6,6'-dimethanethiol 

 

MW:  248.37 gmol
-1

 

 

Appearance: 

White powder 

 

Lit. and/or notebook # and 

page: 

Newkome, G. R.; Kohli, D. K. 

Heterocycles 1981, 15, 739. 

 

First made on date: 

Dec 02, 2014 

Made by:  
Ryan Sullivan 

 

 

 

 

 
1
H NMR: (400 MHz, CDCl3): δ = 8.34 (d, J = 7.8 Hz, 2H), 7.80 (t, J = 7.8 Hz, 2H), 7.37 (d, J = 

7.5 Hz, 2H), 3.94 (d, J = 7.9 Hz, 4H), 2.14 (t, J = 7.8 Hz, 2H). 

 
13

C NMR: (100 MHz, CDCl3): δ = 159.59 (C), 159.58 (C), 138.05 (CH), 122.60 (CH), 119.73 

(CH), 31.01 (CH2). 

 

 

 

Synthesis and Structure:  
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Example calibration curve for 2,5-DMF prepared in 5:1 1,4-dioxane : water: 
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Example calibration curve for LANL C9 substrate prepared in MeOH: 
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Example GC-CI-MS TIC trace of products following HDO of LANL C9 substrate with (4) 
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Appendix D:  Crystal Structure Data 

[Ru(phterpy)2](OTf)2·(H2O)·0.5(trans-2,5-DMTHF) 

Table D.1: Crystal data and structure refinement for ru_comp. 

Identification code ru_comp 

Empirical formula C47 H38 F6 N6 O7.50 Ru S2 

Formula weight 1086.02 

Temperature 150.0(1) K 

Wavelength 0.71073 A 

Crystal system, space group Triclinic, P -1 

Unit cell dimensions a = 12.4822(2) A alpha = 85.1949(13) deg. 

b = 12.5899(2) A beta = 73.0090(14) deg. 

c = 16.3218(2) A gamma = 67.1062(17) deg. 

Volume  2258.47(7) A^3 

Z, Calculated density 2, 1.597 Mg/m^3 

Absorption coefficient 0.526 mm^-1 

F(000) 1104 

Crystal size 0.300 x 0.200 x 0.200 mm 

Theta range for data collection 2.545 to 36.318 deg. 

Limiting indices -20< = h< = 20, -20< = k< = 20, -27< = l< = 27 

Reflections collected / unique 80893 / 21851 [R(int) = 0.0291] 

Completeness to theta = 25.242 99.9% 

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 1.00000 and 0.91195 

Refinement method Full-matrix least-squares on F^2 

Data / restraints / parameters 21851 / 67 / 663 

Goodness-of-fit on F^2 1.114 

Final R indices [I>2sigma(I)] R1 = 0.0380, wR2 = 0.1040 

R indices (all data) R1 = 0.0533, wR2 = 0.1135 

Extinction coefficient n/a 

Largest diff. peak and hole 1.109 and -0.819 e.A^-3 

 

Table D.2: Atomic coordinates ( x 10^4) and equivalent isotropic displacement parameters (A^2 x 10^3) for 

ru_comp. U(eq) is defined as one third of the trace of the orthogonalized Uij tensor. 

 x y z U (eq) 

Ru(1) 9862(1) 2567(1) 2656(1) 21(1) 

C(2) 10645(1) 1413(1) 4238(1) 26(1) 

C(3) 11163(1) 472(1) 4701(1) 29(1) 

C(4) 11790(1) -603(1) 4297(1) 30(1) 

C(5) 11878(1) -718(1) 3435(1) 26(1) 

C(6) 11333(1) 245(1) 3007(1) 21(1) 

C(8) 11341(1) 198(1) 2104(1) 21(1) 

C(9) 11955(1) -755(1) 1544(1) 23(1) 

C(10) 11850(1) -664(1) 705(1) 23(1) 

C(11) 11114(1) 405(1) 464(1) 24(1) 

C(12) 10536(1) 1337(1) 1046(1) 21(1) 

C(14) 9785(1) 2529(1) 894(1) 23(1) 
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C(15) 9573(1) 2887(1) 105(1) 30(1) 

C(16) 8932(2) 4048(2) 2(1) 39(1) 

C(17) 8487(2) 4813(2) 695(1) 41(1) 

C(18) 8697(2) 4406(1) 1472(1) 33(1) 

C(19) 12521(1) -1675(1) 99(1) 26(1) 

C(20) 12985(2) -2787(1) 404(1) 35(1) 

C(21) 13639(2) -3738(2) -157(1) 43(1) 

C(22) 13842(2) -3604(2) -1036(1) 42(1) 

C(23) 13371(2) -2513(2) -1346(1) 41(1) 

C(24) 12721(2) -1556(2) -787(1) 35(1) 

C(26) 12174(1) 2974(1) 1689(1) 28(1) 

C(27) 12913(1) 3602(1) 1477(1) 32(1) 

C(28) 12582(1) 4601(1) 1942(1) 31(1) 

C(29) 11514(1) 4958(1) 2612(1) 26(1) 

C(30) 10806(1) 4299(1) 2798(1) 22(1) 

C(32) 9641(1) 4618(1) 3474(1) 22(1) 

C(33) 9106(1) 5556(1) 4054(1) 24(1) 

C(34) 7971(1) 5744(1) 4639(1) 23(1) 

C(35) 7419(1) 4963(1) 4644(1) 24(1) 

C(36) 7981(1) 4049(1) 4047(1) 22(1) 

C(38) 7524(1) 3171(1) 3936(1) 23(1) 

C(39) 6429(1) 3135(1) 4442(1) 27(1) 

C(40) 6099(1) 2239(1) 4316(1) 31(1) 

C(41) 6871(2) 1406(1) 3681(1) 33(1) 

C(42) 7938(1) 1497(1) 3178(1) 29(1) 

C(43) 7324(1) 6774(1) 5229(1) 25(1) 

C(44) 7225(2) 7865(1) 4921(1) 33(1) 

C(45) 6540(2) 8843(1) 5461(1) 39(1) 

C(46) 5992(2) 8729(2) 6317(1) 39(1) 

C(47) 6105(2) 7646(2) 6630(1) 39(1) 

C(48) 6748(2) 6673(2) 6090(1) 32(1) 

N(1) 10716(1) 1310(1) 3407(1) 22(1) 

N(7) 10661(1) 1222(1) 1848(1) 20(1) 

N(13) 9335(1) 3285(1) 1581(1) 24(1) 

N(25) 11135(1) 3308(1) 2335(1) 22(1) 

N(31) 9070(1) 3898(1) 3477(1) 20(1) 

N(37) 8269(1) 2361(1) 3295(1) 23(1) 

C(1G) 5123(6) 10042(6) -761(4) 110(3) 

C(2G) 4327(7) 10968(6) -57(4) 115(3) 

C(3G) 4694(7) 10441(5) 744(3) 95(2) 

C(4G) 5648(6) 9240(5) 439(4) 106(2) 

C(5G) 5313(9) 10150(9) -1567(5) 142(4) 

C(6G) 5619(9) 8280(7) 734(5) 123(3) 

O(1G) 6128(3) 9258(3) -475(2) 68(1) 

C(1T) 8000(2) 8023(2) 2293(1) 38(1) 

O(11T) 10321(1) 7360(1) 1866(1) 44(1) 

O(12T) 9117(1) 9361(1) 1678(1) 36(1) 

O(13T) 9139(1) 8659(1) 3112(1) 36(1) 

F(11T) 7962(1) 7820(1) 1515(1) 56(1) 

F(12T) 6960(1) 8870(1) 2669(1) 62(1) 
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F(13T) 8038(2) 7081(1) 2745(1) 65(1) 

S(1T) 9297(1) 8388(1) 2230(1) 27(1) 

C(2T) 5266(2) 6812(2) 2970(1) 48(1) 

O(21T) 4936(2) 4924(1) 2969(1) 69(1) 

O(22T) 3272(1) 6588(1) 3761(1) 38(1) 

O(23T) 3850(2) 6539(2) 2219(1) 54(1) 

F(21T) 6197(1) 6525(2) 2264(1) 70(1) 

F(22T) 5714(2) 6497(2) 3643(1) 91(1) 

F(23T) 4739(1) 7937(1) 3017(1) 83(1) 

S(2T) 4224(1) 6126(1) 2975(1) 31(1) 

O(1W) 744(1) 7085(1) 4041(1) 33(1) 

 

Table D.3: Bond lengths [Å] and angles [°] for ru_comp. 

Ru(1)-N(31) 1.4715(18) C(21)-H(21) 1.335(2) 

Ru(1)-N(7) 1.3676(17) C(22)-C(23) 1.335(2) 

Ru(1)-N(37) 1.3915(19) C(22)-H(22) 1.8213(18) 

Ru(1)-N(25) 1.391(2) C(23)-C(24) 1.4348(13) 

Ru(1)-N(1) 0.9500 C(23)-H(23) 1.4417(12) 

Ru(1)-N(13) 1.383(2) C(24)-H(24) 1.4460(12) 

C(2)-N(1) 0.9500 C(26)-N(25) 1.308(3) 

C(2)-C(3) 1.387(2) C(26)-C(27) 1.330(2) 

C(2)-H(2) 0.9500 C(26)-H(26) 1.338(3) 

C(3)-C(4) 1.3494(17) C(27)-C(28) 1.816(2) 

C(3)-H(3) 0.9500 C(27)-H(27) 1.4251(16) 

C(4)-C(5) 1.394(2) C(28)-C(29) 1.4463(13) 

C(4)-H(4) 1.400(2) C(28)-H(28) 1.4340(15) 

C(5)-C(6) 1.395(2) C(29)-C(30) 0.8495 

C(5)-H(5) 0.9500 C(29)-H(29) 0.8501 

C(6)-N(1) 1.388(3) C(30)-N(25) 1.4715(18) 

C(6)-C(8) 0.9500 C(30)-C(32) 1.3676(17) 

C(8)-N(7) 1.384(3) C(32)-N(31) 1.3915(19) 

C(8)-C(9) 0.9500 C(32)-C(33) 1.391(2) 

C(9)-C(10) 1.387(2) C(33)-C(34) 0.9500 

C(9)-H(9) 0.9500 C(33)-H(33) 1.383(2) 

C(10)-C(11) 0.9500 C(34)-C(35) 0.9500 

C(10)-C(19) 1.271(8) C(34)-C(43) 1.387(2) 

C(11)-C(12) 1.437(6) C(35)-C(36) 0.9500 

C(11)-H(11) 1.525(5) C(35)-H(35) 1.3494(17) 

C(12)-N(7) 1.0000 C(36)-N(31) 0.9500 

C(12)-C(14) 1.526(5) C(36)-C(38) 1.394(2) 

C(14)-N(13) 0.9900 C(38)-N(37) 1.400(2) 

C(14)-C(15) 0.9900 C(38)-C(39) 1.395(2) 

C(15)-C(16) 1.527(5) C(39)-C(40) 0.9500 

C(15)-H(15) 0.9900 C(39)-H(39) 1.388(3) 

C(16)-C(17) 0.9900 C(40)-C(41) 0.9500 

C(16)-H(16) 1.273(8) C(40)-H(40) 1.384(3) 

C(17)-C(18) 1.439(5) C(41)-C(42) 0.9500 

C(17)-H(17) 1.0000 C(41)-H(41) 1.387(2) 

C(18)-N(13) 0.9800 C(42)-N(37) 0.9500 
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C(18)-H(18) 0.9800 C(42)-H(42) 0.9500 

C(19)-C(24) 0.9800 C(43)-C(44) 1.271(8) 

C(19)-C(20) 0.9800 C(43)-C(48) 1.437(6) 

C(20)-C(21) 0.9800 C(44)-C(45) 1.525(5) 

C(20)-H(20) 0.9800 C(44)-H(44) 1.0000 

C(21)-C(22) 1.328(2) C(45)-C(46) 1.526(5) 

C(45)-H(45) 0.9900 N(37)-Ru(1)-N(13) 96.10(5) 

C(46)-C(47) 0.9900 N(25)-Ru(1)-N(13) 87.99(5) 

C(46)-H(46) 1.527(5) N(1)-Ru(1)-N(13) 157.97(4) 

C(47)-C(48) 0.9900 N(1)-C(2)-C(3) 122.22(13) 

C(47)-H(47) 0.9900 N(1)-C(2)-H(2) 118.9 

C(48)-H(48) 1.273(8) C(3)-C(2)-H(2) 118.9 

C(1G)-C(5G) 1.439(5) C(4)-C(3)-C(2) 119.32(13) 

C(1G)-O(1G) 1.0000 C(4)-C(3)-H(3) 120.3 

C(1G)-C(2G) 0.9800 C(2)-C(3)-H(3) 120.3 

C(1G)-H(1G) 0.9800 C(3)-C(4)-C(5) 118.99(13) 

C(2G)-C(3G) 0.9800 C(3)-C(4)-H(4) 120.5 

C(2G)-H(2GA) 0.9800 C(5)-C(4)-H(4) 120.5 

C(2G)-H(2GB) 0.9800 C(6)-C(5)-C(4) 119.35(13) 

C(3G)-C(4G) 0.9800 C(6)-C(5)-H(5) 120.3 

C(3G)-H(3GA) 1.328(2) C(4)-C(5)-H(5) 120.3 

C(3G)-H(3GB) 1.335(2) N(1)-C(6)-C(5) 121.57(11) 

C(4G)-C(6G) 1.335(2) N(1)-C(6)-C(8) 115.28(11) 

C(4G)-O(1G) 1.8213(18) C(5)-C(6)-C(8) 123.12(11) 

C(4G)-H(4G) 1.4348(13) N(7)-C(8)-C(9) 120.77(11) 

C(5G)-H(5GA) 1.4417(12) N(7)-C(8)-C(6) 112.56(10) 

C(5G)-H(5GB) 1.4460(12) C(9)-C(8)-C(6) 126.67(11) 

C(5G)-H(5GC) 1.308(3) C(8)-C(9)-C(10) 119.77(12) 

C(6G)-H(6GA) 1.330(2) C(8)-C(9)-H(9) 120.1 

C(6G)-H(6GB) 1.338(3) C(10)-C(9)-H(9) 120.1 

C(6G)-H(6GC) 1.816(2) C(11)-C(10)-C(9) 118.09(11) 

C(1T)-F(12T) 1.4251(16) C(11)-C(10)-C(19) 121.95(12) 

C(1T)-F(11T) 1.4463(13) C(9)-C(10)-C(19) 119.96(12) 

C(1T)-F(13T) 1.4340(15) C(12)-C(11)-C(10) 119.77(12) 

C(1T)-S(1T) 0.8495 C(12)-C(11)-H(11) 120.1 

O(11T)-S(1T) 0.8501 C(10)-C(11)-H(11) 120.1 

O(12T)-S(1T) 1.4715(18) N(7)-C(12)-C(11) 120.65(12) 

O(13T)-S(1T) 1.3676(17) N(7)-C(12)-C(14) 112.00(11) 

C(2T)-F(23T) 1.3915(19) C(11)-C(12)-C(14) 127.31(12) 

C(2T)-F(21T) 1.391(2) N(13)-C(14)-C(15) 121.55(12) 

C(2T)-F(22T) 0.9500 N(13)-C(14)-C(12) 115.12(11) 

C(2T)-S(2T) 1.383(2) C(15)-C(14)-C(12) 123.29(12) 

O(21T)-S(2T) 0.9500 C(16)-C(15)-C(14) 119.30(14) 

O(22T)-S(2T) 1.387(2) C(16)-C(15)-H(15) 120.4 

O(23T)-S(2T) 0.9500 C(14)-C(15)-H(15) 120.4 

O(1W)-H(1WA) 1.3494(17) C(17)-C(16)-C(15) 119.05(15) 

O(1W)-H(1WB) 0.9500 C(17)-C(16)-H(16) 120.5 

N(31)-Ru(1)-N(7) 179.25(4) C(15)-C(16)-H(16) 120.5 

N(31)-Ru(1)-N(37) 79.10(4) C(16)-C(17)-C(18) 119.29(15) 

N(7)-Ru(1)-N(37) 100.76(4) C(16)-C(17)-H(17) 120.4 
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N(31)-Ru(1)-N(25) 79.07(4) C(18)-C(17)-H(17) 120.4 

N(7)-Ru(1)-N(25) 101.07(4) N(13)-C(18)-C(17) 122.58(14) 

N(37)-Ru(1)-N(25) 158.17(4) N(13)-C(18)-H(18) 118.7 

N(31)-Ru(1)-N(1) 99.91(4) C(17)-C(18)-H(18) 118.7 

N(7)-Ru(1)-N(1) 79.34(4) C(24)-C(19)-C(20) 117.95(13) 

N(37)-Ru(1)-N(1) 88.23(4) C(24)-C(19)-C(10) 121.65(13) 

N(25)-Ru(1)-N(1) 96.00(4) C(20)-C(19)-C(10) 120.40(13) 

N(31)-Ru(1)-N(13) 102.12(4) C(21)-C(20)-C(19) 121.02(16) 

N(7)-Ru(1)-N(13) 78.63(4) C(21)-C(20)-H(20) 119.5 

C(19)-C(20)-H(20) 119.5 C(42)-C(41)-H(41) 120.3 

C(20)-C(21)-C(22) 120.34(18) N(37)-C(42)-C(41) 122.36(14) 

C(20)-C(21)-H(21) 119.8 N(37)-C(42)-H(42) 118.8 

C(22)-C(21)-H(21) 119.8 C(41)-C(42)-H(42) 118.8 

C(23)-C(22)-C(21) 119.28(15) C(44)-C(43)-C(48) 119.08(13) 

C(23)-C(22)-H(22) 120.4 C(44)-C(43)-C(34) 120.35(12) 

C(21)-C(22)-H(22) 120.4 C(48)-C(43)-C(34) 120.48(13) 

C(22)-C(23)-C(24) 120.65(16) C(43)-C(44)-C(45) 120.30(15) 

C(22)-C(23)-H(23) 119.7 C(43)-C(44)-H(44) 119.8 

C(24)-C(23)-H(23) 119.7 C(45)-C(44)-H(44) 119.8 

C(23)-C(24)-C(19) 120.75(16) C(46)-C(45)-C(44) 120.02(17) 

C(23)-C(24)-H(24) 119.6 C(46)-C(45)-H(45) 120 

C(19)-C(24)-H(24) 119.6 C(44)-C(45)-H(45) 120 

N(25)-C(26)-C(27) 122.42(13) C(47)-C(46)-C(45) 119.90(14) 

N(25)-C(26)-H(26) 118.8 C(47)-C(46)-H(46) 120 

C(27)-C(26)-H(26) 118.8 C(45)-C(46)-H(46) 120 

C(28)-C(27)-C(26) 119.17(14) C(46)-C(47)-C(48) 120.40(16) 

C(28)-C(27)-H(27) 120.4 C(46)-C(47)-H(47) 119.8 

C(26)-C(27)-H(27) 120.4 C(48)-C(47)-H(47) 119.8 

C(27)-C(28)-C(29) 119.26(14) C(47)-C(48)-C(43) 120.24(16) 

C(27)-C(28)-H(28) 120.4 C(47)-C(48)-H(48) 119.9 

C(29)-C(28)-H(28) 120.4 C(43)-C(48)-H(48) 119.9 

C(30)-C(29)-C(28) 119.31(13) C(2)-N(1)-C(6) 118.54(11) 

C(30)-C(29)-H(29) 120.3 C(2)-N(1)-Ru(1) 127.58(9) 

C(28)-C(29)-H(29) 120.3 C(6)-N(1)-Ru(1) 113.64(8) 

N(25)-C(30)-C(29) 121.38(12) C(8)-N(7)-C(12) 120.93(11) 

N(25)-C(30)-C(32) 114.90(11) C(8)-N(7)-Ru(1) 119.05(8) 

C(29)-C(30)-C(32) 123.68(12) C(12)-N(7)-Ru(1) 120.01(8) 

N(31)-C(32)-C(33) 120.37(12) C(18)-N(13)-C(14) 118.17(12) 

N(31)-C(32)-C(30) 112.45(11) C(18)-N(13)-Ru(1) 127.37(10) 

C(33)-C(32)-C(30) 127.16(12) C(14)-N(13)-Ru(1) 114.22(9) 

C(32)-C(33)-C(34) 119.18(12) C(26)-N(25)-C(30) 118.46(12) 

C(32)-C(33)-H(33) 120.4 C(26)-N(25)-Ru(1) 127.16(9) 

C(34)-C(33)-H(33) 120.4 C(30)-N(25)-Ru(1) 114.14(9) 

C(33)-C(34)-C(35) 119.11(11) C(32)-N(31)-C(36) 121.55(11) 

C(33)-C(34)-C(43) 121.30(12) C(32)-N(31)-Ru(1) 119.33(9) 

C(35)-C(34)-C(43) 119.55(12) C(36)-N(31)-Ru(1) 119.09(8) 

C(36)-C(35)-C(34) 119.50(12) C(42)-N(37)-C(38) 118.54(12) 

C(36)-C(35)-H(35) 120.2 C(42)-N(37)-Ru(1) 127.15(10) 

C(34)-C(35)-H(35) 120.2 C(38)-N(37)-Ru(1) 114.19(9) 

N(31)-C(36)-C(35) 120.22(11) C(5G)-C(1G)-O(1G) 116.3(5) 
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N(31)-C(36)-C(38) 112.60(11) C(5G)-C(1G)-C(2G) 127.8(6) 

C(35)-C(36)-C(38) 127.18(12) O(1G)-C(1G)-C(2G) 107.9(4) 

N(37)-C(38)-C(39) 121.24(12) C(5G)-C(1G)-H(1G) 99.4 

N(37)-C(38)-C(36) 114.98(12) O(1G)-C(1G)-H(1G) 99.4 

C(39)-C(38)-C(36) 123.77(12) C(2G)-C(1G)-H(1G) 99.4 

C(40)-C(39)-C(38) 119.61(13) C(1G)-C(2G)-C(3G) 104.4(3) 

C(40)-C(39)-H(39) 120.2 C(1G)-C(2G)-H(2GA) 110.9 

C(38)-C(39)-H(39) 120.2 C(3G)-C(2G)-H(2GA) 110.9 

C(41)-C(40)-C(39) 118.85(14) C(1G)-C(2G)-H(2GB) 110.9 

C(41)-C(40)-H(40) 120.6 C(3G)-C(2G)-H(2GB) 110.9 

C(39)-C(40)-H(40) 120.6 H(2GA)-C(2G)-H(2GB) 108.9 

C(40)-C(41)-C(42) 119.36(14) C(2G)-C(3G)-C(4G) 104.2(3) 

C(2G)-C(3G)-H(3GA) 110.9 F(12T)-C(1T)-F(13T) 107.13(17) 

C(4G)-C(3G)-H(3GA) 110.9 F(11T)-C(1T)-F(13T) 107.44(16) 

C(2G)-C(3G)-H(3GB) 110.9 F(12T)-C(1T)-S(1T) 111.64(13) 

C(4G)-C(3G)-H(3GB) 110.9 F(11T)-C(1T)-S(1T) 111.18(13) 

H(3GA)-C(3G)-H(3GB) 108.9 F(13T)-C(1T)-S(1T) 111.70(13) 

C(6G)-C(4G)-O(1G) 115.8(5) O(11T)-S(1T)-O(12T) 115.08(8) 

C(6G)-C(4G)-C(3G) 126.9(6) O(11T)-S(1T)-O(13T) 115.08(8) 

O(1G)-C(4G)-C(3G) 107.6(4) O(12T)-S(1T)-O(13T) 114.90(8) 

C(6G)-C(4G)-H(4G) 100.4 O(11T)-S(1T)-C(1T) 103.68(9) 

O(1G)-C(4G)-H(4G) 100.4 O(12T)-S(1T)-C(1T) 102.31(8) 

C(3G)-C(4G)-H(4G) 100.4 O(13T)-S(1T)-C(1T) 103.31(8) 

C(1G)-C(5G)-H(5GA) 109.5 F(23T)-C(2T)-F(21T) 107.4(2) 

C(1G)-C(5G)-H(5GB) 109.5 F(23T)-C(2T)-F(22T) 106.8(2) 

H(5GA)-C(5G)-H(5GB) 109.5 F(21T)-C(2T)-F(22T) 107.67(17) 

C(1G)-C(5G)-H(5GC) 109.5 F(23T)-C(2T)-S(2T) 112.25(13) 

H(5GA)-C(5G)-H(5GC) 109.5 F(21T)-C(2T)-S(2T) 111.73(16) 

H(5GB)-C(5G)-H(5GC) 109.5 F(22T)-C(2T)-S(2T) 110.69(18) 

C(4G)-C(6G)-H(6GA) 109.5 O(21T)-S(2T)-O(23T) 116.07(12) 

C(4G)-C(6G)-H(6GB) 109.5 O(21T)-S(2T)-O(22T) 115.12(10) 

H(6GA)-C(6G)-H(6GB) 109.5 O(23T)-S(2T)-O(22T) 113.37(9) 

C(4G)-C(6G)-H(6GC) 109.5 O(21T)-S(2T)-C(2T) 103.96(12) 

H(6GA)-C(6G)-H(6GC) 109.5 O(23T)-S(2T)-C(2T) 103.28(10) 

H(6GB)-C(6G)-H(6GC) 109.5 O(22T)-S(2T)-C(2T) 102.72(9) 

C(1G)-O(1G)-C(4G) 104.8(4) H(1WA)-O(1W)-H(1WB) 109.5 

F(12T)-C(1T)-F(11T) 107.51(16)   

 

Table D.4: Anisotropic displacement parameters (A^2 x 10^3) for ru_comp.  The anisotropic displacement factor 

exponent takes the form:  -2 pi^2 [ h^2 a*^2 U11 + ... + 2 h k a* b* U12 ] 

 U11 U22 U33 U23 U13 U12 

Ru(1) 22(1) 18(1) 22(1) -5(1) -6(1) -5(1) 

C(2) 27(1) 27(1) 22(1) -5(1) -7(1) -8(1) 

C(3) 31(1) 35(1) 21(1) -1(1) -10(1) -11(1) 

C(4) 33(1) 31(1) 26(1) 1(1) -12(1) -8(1) 

C(5) 28(1) 24(1) 24(1) -2(1) -9(1) -6(1) 

C(6) 21(1) 21(1) 21(1) -3(1) -6(1) -6(1) 

C(8) 21(1) 19(1) 21(1) -3(1) -6(1) -6(1) 

C(9) 24(1) 20(1) 23(1) -5(1) -7(1) -4(1) 
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C(10) 21(1) 23(1) 21(1) -6(1) -4(1) -6(1) 

C(11) 24(1) 24(1) 21(1) -4(1) -6(1) -7(1) 

C(12) 21(1) 21(1) 21(1) -3(1) -6(1) -7(1) 

C(14) 23(1) 23(1) 23(1) -2(1) -7(1) -6(1) 

C(15) 31(1) 30(1) 26(1) 0(1) -11(1) -6(1) 

C(16) 43(1) 35(1) 33(1) 4(1) -17(1) -4(1) 

C(17) 47(1) 26(1) 42(1) 3(1) -21(1) -1(1) 

C(18) 37(1) 21(1) 35(1) -3(1) -15(1) -1(1) 

C(19) 24(1) 26(1) 24(1) -8(1) -5(1) -4(1) 

C(20) 40(1) 26(1) 32(1) -10(1) -12(1) -1(1) 

C(21) 41(1) 30(1) 46(1) -16(1) -13(1) 2(1) 

C(22) 32(1) 41(1) 42(1) -24(1) -3(1) -2(1) 

C(23) 39(1) 48(1) 28(1) -16(1) -2(1) -9(1) 

C(24) 37(1) 34(1) 25(1) -9(1) -6(1) -5(1) 

C(26) 25(1) 26(1) 27(1) -8(1) -2(1) -7(1) 

C(27) 28(1) 33(1) 31(1) -6(1) 1(1) -12(1) 

C(28) 31(1) 31(1) 31(1) -2(1) -3(1) -15(1) 

C(29) 29(1) 22(1) 28(1) -3(1) -6(1) -10(1) 

C(30) 22(1) 19(1) 23(1) -3(1) -6(1) -6(1) 

C(32) 21(1) 19(1) 23(1) -3(1) -5(1) -6(1) 

C(33) 25(1) 21(1) 27(1) -6(1) -5(1) -8(1) 

C(34) 25(1) 20(1) 23(1) -5(1) -5(1) -7(1) 

C(35) 23(1) 22(1) 23(1) -4(1) -4(1) -7(1) 

C(36) 22(1) 19(1) 24(1) -3(1) -6(1) -6(1) 

C(38) 23(1) 21(1) 25(1) -3(1) -8(1) -7(1) 

C(39) 25(1) 30(1) 28(1) -4(1) -7(1) -10(1) 

C(40) 28(1) 35(1) 35(1) -3(1) -10(1) -15(1) 

C(41) 33(1) 33(1) 41(1) -5(1) -11(1) -18(1) 

C(42) 29(1) 26(1) 34(1) -7(1) -10(1) -12(1) 

C(43) 24(1) 24(1) 25(1) -7(1) -3(1) -8(1) 

C(44) 35(1) 24(1) 36(1) -9(1) 1(1) -13(1) 

C(45) 36(1) 26(1) 52(1) -15(1) -2(1) -12(1) 

C(46) 29(1) 39(1) 45(1) -24(1) -3(1) -8(1) 

C(47) 35(1) 46(1) 27(1) -16(1) -2(1) -9(1) 

C(48) 32(1) 35(1) 24(1) -6(1) -5(1) -9(1) 

N(1) 21(1) 22(1) 22(1) -5(1) -6(1) -7(1) 

N(7) 20(1) 19(1) 20(1) -2(1) -6(1) -6(1) 

N(13) 24(1) 20(1) 26(1) -4(1) -9(1) -4(1) 

N(25) 21(1) 19(1) 24(1) -5(1) -5(1) -4(1) 

N(31) 20(1) 18(1) 22(1) -3(1) -7(1) -5(1) 

N(37) 24(1) 21(1) 26(1) -5(1) -9(1) -7(1) 

C(1G) 76(3) 120(4) 71(3) -16(3) -20(3) 31(4) 

C(2G) 93(4) 107(4) 91(4) -30(4) -31(4) 30(4) 

C(3G) 81(4) 100(4) 68(3) -44(3) -13(3) 9(3) 

C(4G) 94(4) 96(4) 53(3) -17(3) -8(3) 36(3) 

C(5G) 121(7) 164(8) 83(4) -3(5) -35(5) 13(6) 

C(6G) 133(7) 122(6) 93(5) 5(5) -38(5) -23(6) 

O(1G) 44(2) 78(2) 42(2) -21(2) -5(1) 19(2) 

C(1T) 44(1) 43(1) 34(1) 3(1) -14(1) -23(1) 

O(11T) 40(1) 40(1) 37(1) -7(1) -12(1) 3(1) 
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O(12T) 40(1) 35(1) 36(1) 10(1) -14(1) -16(1) 

O(13T) 42(1) 41(1) 27(1) -4(1) -11(1) -16(1) 

F(11T) 64(1) 82(1) 41(1) -1(1) -24(1) -42(1) 

F(12T) 32(1) 78(1) 72(1) -16(1) -4(1) -21(1) 

F(13T) 98(1) 66(1) 63(1) 27(1) -38(1) -60(1) 

S(1T) 29(1) 27(1) 24(1) 0(1) -9(1) -8(1) 

C(2T) 25(1) 60(1) 53(1) -11(1) -6(1) -12(1) 

O(21T) 77(1) 29(1) 70(1) 2(1) -1(1) -1(1) 

O(22T) 31(1) 46(1) 34(1) -5(1) -5(1) -13(1) 

O(23T) 66(1) 78(1) 35(1) 10(1) -24(1) -39(1) 

F(21T) 33(1) 92(1) 68(1) -13(1) 9(1) -21(1) 

F(22T) 55(1) 163(2) 73(1) 2(1) -35(1) -47(1) 

F(23T) 50(1) 52(1) 143(2) -24(1) -3(1) -30(1) 

S(2T) 35(1) 26(1) 28(1) -2(1) -8(1) -8(1) 

O(1W) 33(1) 35(1) 32(1) -6(1) -5(1) -15(1) 

 

Table D.5: Hydrogen coordinates ( x 10^4) and isotropic displacement parameters (A^2 x 10^3) for ru_comp. 

 x y z U(eq) 

H(2) 10227 2153 4518 31 

H(3) 11087 568 5289 35 

H(4) 12155 -1256 4602 36 

H(5) 12308 -1451 3144 31 

H(9) 12445 -1467 1727 28 

H(11) 11012 490 -96 28 

H(15) 9863 2344 -357 36 

H(16) 8801 4312 -536 47 

H(17) 8043 5609 639 49 

H(18) 8380 4936 1945 39 

H(20) 12850 -2891 1003 42 

H(21) 13950 -4486 61 51 

H(22) 14298 -4254 -1421 50 

H(23) 13494 -2417 -1945 50 

H(24) 12408 -812 -1010 42 

H(26) 12409 2285 1368 33 

H(27) 13638 3346 1016 39 

H(28) 13077 5040 1808 37 

H(29) 11272 5644 2938 32 

H(33) 9507 6061 4053 29 

H(35) 6666 5058 5052 28 

H(39) 5909 3719 4872 32 

H(40) 5357 2199 4659 37 

H(41) 6672 779 3590 40 

H(42) 8454 931 2735 35 

H(44) 7625 7943 4340 40 

H(45) 6449 9587 5242 47 

H(46) 5540 9393 6688 47 

H(47) 5741 7568 7219 46 

H(48) 6797 5936 6305 38 

H(1G) 4621 9563 -664 132 
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H(2GA) 3458 11145 21 139 

H(2GB) 4482 11686 -194 139 

H(3GA) 3989 10392 1198 115 

H(3GB) 5038 10903 969 115 

H(4G) 6332 9261 630 127 

H(5GA) 5576 10794 -1740 213 

H(5GB) 4564 10302 -1718 213 

H(5GC) 5946 9437 -1863 213 

H(6GA) 4879 8213 697 184 

H(6GB) 5627 8242 1335 184 

H(6GC) 6329 7647 399 184 

H(1WA) 451 7582 3698 50 

H(1WB) 1499 6933 3930 50 

 

Table D.6: Torsion angles [deg] for ru_comp. 

N(1)-C(2)-C(3)-C(4) 1.1(2) C(33)-C(34)-C(35)-C(36) -2.7(2) 

C(2)-C(3)-C(4)-C(5) -0.5(2) C(43)-C(34)-C(35)-C(36) 174.93(12) 

C(3)-C(4)-C(5)-C(6) -0.2(2) C(34)-C(35)-C(36)-N(31) 1.6(2) 

C(4)-C(5)-C(6)-N(1) 0.5(2) C(34)-C(35)-C(36)-C(38) -177.92(13) 

C(4)-C(5)-C(6)-C(8) -177.69(13) N(31)-C(36)-C(38)-N(37) 0.63(16) 

N(1)-C(6)-C(8)-N(7) -3.94(16) C(35)-C(36)-C(38)-N(37) -179.85(13) 

C(5)-C(6)-C(8)-N(7) 174.31(13) N(31)-C(36)-C(38)-C(39) 179.81(12) 

N(1)-C(6)-C(8)-C(9) 176.01(13) C(35)-C(36)-C(38)-C(39) -0.7(2) 

C(5)-C(6)-C(8)-C(9) -5.7(2) N(37)-C(38)-C(39)-C(40) 2.2(2) 

N(7)-C(8)-C(9)-C(10) -1.4(2) C(36)-C(38)-C(39)-C(40) -176.96(13) 

C(6)-C(8)-C(9)-C(10) 178.69(13) C(38)-C(39)-C(40)-C(41) -0.5(2) 

C(8)-C(9)-C(10)-C(11) -0.1(2) C(39)-C(40)-C(41)-C(42) -1.2(2) 

C(8)-C(9)-C(10)-C(19) 178.93(12) C(40)-C(41)-C(42)-N(37) 1.3(3) 

C(9)-C(10)-C(11)-C(12) 1.2(2) C(33)-C(34)-C(43)-C(44) 46.7(2) 

C(19)-C(10)-C(11)-C(12) -177.77(13) C(35)-C(34)-C(43)-C(44) -130.86(15) 

C(10)-C(11)-C(12)-N(7) -1.0(2) C(33)-C(34)-C(43)-C(48) -136.83(15) 

C(10)-C(11)-C(12)-C(14) 176.70(13) C(35)-C(34)-C(43)-C(48) 45.6(2) 

N(7)-C(12)-C(14)-N(13) -1.31(17) C(48)-C(43)-C(44)-C(45) -1.3(2) 

C(11)-C(12)-C(14)-N(13) -179.14(13) C(34)-C(43)-C(44)-C(45) 175.22(15) 

N(7)-C(12)-C(14)-C(15) 176.43(13) C(43)-C(44)-C(45)-C(46) 2.5(3) 

C(11)-C(12)-C(14)-C(15) -1.4(2) C(44)-C(45)-C(46)-C(47) -1.3(3) 

N(13)-C(14)-C(15)-C(16) 2.7(2) C(45)-C(46)-C(47)-C(48) -1.0(3) 

C(12)-C(14)-C(15)-C(16) -174.93(15) C(46)-C(47)-C(48)-C(43) 2.2(3) 

C(14)-C(15)-C(16)-C(17) -2.0(3) C(44)-C(43)-C(48)-C(47) -1.1(2) 

C(15)-C(16)-C(17)-C(18) 0.4(3) C(34)-C(43)-C(48)-C(47) -177.57(15) 

C(16)-C(17)-C(18)-N(13) 0.7(3) C(3)-C(2)-N(1)-C(6) -0.9(2) 

C(11)-C(10)-C(19)-C(24) 17.0(2) C(3)-C(2)-N(1)-Ru(1) 173.18(11) 

C(9)-C(10)-C(19)-C(24) -161.93(15) C(5)-C(6)-N(1)-C(2) 0.10(19) 

C(11)-C(10)-C(19)-C(20) -163.39(15) C(8)-C(6)-N(1)-C(2) 178.38(12) 

C(9)-C(10)-C(19)-C(20) 17.6(2) C(5)-C(6)-N(1)-Ru(1) -174.76(11) 

C(24)-C(19)-C(20)-C(21) 1.0(3) C(8)-C(6)-N(1)-Ru(1) 3.52(14) 

C(10)-C(19)-C(20)-C(21) -178.57(16) C(9)-C(8)-N(7)-C(12) 1.66(19) 

C(19)-C(20)-C(21)-C(22) -0.3(3) C(6)-C(8)-N(7)-C(12) -178.39(11) 

C(20)-C(21)-C(22)-C(23) -0.8(3) C(9)-C(8)-N(7)-Ru(1) -177.43(10) 
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C(21)-C(22)-C(23)-C(24) 1.1(3) C(6)-C(8)-N(7)-Ru(1) 2.52(14) 

C(22)-C(23)-C(24)-C(19) -0.3(3) C(11)-C(12)-N(7)-C(8) -0.49(19) 

C(20)-C(19)-C(24)-C(23) -0.7(3) C(14)-C(12)-N(7)-C(8) -178.48(11) 

C(10)-C(19)-C(24)-C(23) 178.88(16) C(11)-C(12)-N(7)-Ru(1) 178.59(10) 

N(25)-C(26)-C(27)-C(28) 0.3(3) C(14)-C(12)-N(7)-Ru(1) 0.60(15) 

C(26)-C(27)-C(28)-C(29) -0.2(2) C(17)-C(18)-N(13)-C(14) -0.2(2) 

C(27)-C(28)-C(29)-C(30) 0.1(2) C(17)-C(18)-N(13)-Ru(1) 173.88(14) 

C(28)-C(29)-C(30)-N(25) -0.1(2) C(15)-C(14)-N(13)-C(18) -1.6(2) 

C(28)-C(29)-C(30)-C(32) -177.99(13) C(12)-C(14)-N(13)-C(18) 176.22(13) 

N(25)-C(30)-C(32)-N(31) -3.78(16) C(15)-C(14)-N(13)-Ru(1) -176.37(11) 

C(29)-C(30)-C(32)-N(31) 174.18(12) C(12)-C(14)-N(13)-Ru(1) 1.41(15) 

N(25)-C(30)-C(32)-C(33) 177.91(13) C(27)-C(26)-N(25)-C(30) -0.3(2) 

C(29)-C(30)-C(32)-C(33) -4.1(2) C(27)-C(26)-N(25)-Ru(1) 173.68(12) 

N(31)-C(32)-C(33)-C(34) -0.1(2) C(29)-C(30)-N(25)-C(26) 0.3(2) 

C(30)-C(32)-C(33)-C(34) 178.08(13) C(32)-C(30)-N(25)-C(26) 178.27(12) 

C(32)-C(33)-C(34)-C(35) 2.0(2) C(29)-C(30)-N(25)-Ru(1) -174.52(10) 

C(32)-C(33)-C(34)-C(43) -175.62(13) C(32)-C(30)-N(25)-Ru(1) 3.49(14) 

C(33)-C(32)-N(31)-C(36) -1.09(19) C(6G)-C(4G)-O(1G)-C(1G) 115.2(9) 

C(30)-C(32)-N(31)-C(36) -179.52(11) C(3G)-C(4G)-O(1G)-C(1G) -33.4(5) 

C(33)-C(32)-N(31)-Ru(1) -179.23(10) F(12T)-C(1T)-S(1T)-O(11T) 176.23(13) 

C(30)-C(32)-N(31)-Ru(1) 2.33(14) F(11T)-C(1T)-S(1T)-O(11T) -63.71(15) 

C(35)-C(36)-N(31)-C(32) 0.35(19) F(13T)-C(1T)-S(1T)-O(11T) 56.30(15) 

C(38)-C(36)-N(31)-C(32) 179.91(11) F(12T)-C(1T)-S(1T)-O(12T) -63.79(15) 

C(35)-C(36)-N(31)-Ru(1) 178.49(10) F(11T)-C(1T)-S(1T)-O(12T) 56.27(16) 

C(38)-C(36)-N(31)-Ru(1) -1.95(14) F(13T)-C(1T)-S(1T)-O(12T) 176.28(14) 

C(41)-C(42)-N(37)-C(38) 0.3(2) F(12T)-C(1T)-S(1T)-O(13T) 55.84(15) 

C(41)-C(42)-N(37)-Ru(1) 176.06(12) F(11T)-C(1T)-S(1T)-O(13T) 175.90(14) 

C(39)-C(38)-N(37)-C(42) -2.0(2) F(13T)-C(1T)-S(1T)-O(13T) -64.09(15) 

C(36)-C(38)-N(37)-C(42) 177.16(12) F(23T)-C(2T)-S(2T)-O(21T) -176.92(18) 

C(39)-C(38)-N(37)-Ru(1) -178.35(10) F(21T)-C(2T)-S(2T)-O(21T) 62.30(19) 

C(36)-C(38)-N(37)-Ru(1) 0.85(14) F(22T)-C(2T)-S(2T)-O(21T) -57.69(18) 

C(5G)-C(1G)-C(2G)-C(3G) -165.9(10) F(23T)-C(2T)-S(2T)-O(23T) 61.5(2) 

O(1G)-C(1G)-C(2G)-C(3G) -18.8(7) F(21T)-C(2T)-S(2T)-O(23T) -59.30(19) 

C(1G)-C(2G)-C(3G)-C(4G) -1.4(7) F(22T)-C(2T)-S(2T)-O(23T) -179.28(16) 

C(2G)-C(3G)-C(4G)-C(6G) -122.8(9) F(23T)-C(2T)-S(2T)-O(22T) -56.62(19) 

C(2G)-C(3G)-C(4G)-O(1G) 21.2(6) F(21T)-C(2T)-S(2T)-O(22T) -177.40(16) 

C(5G)-C(1G)-O(1G)-C(4G) -176.2(9) F(22T)-C(2T)-S(2T)-O(22T) 62.62(17) 

C(2G)-C(1G)-O(1G)-C(4G) 32.5(6)   
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Appendix E:  Energies of Calculated Structures 

Table E.1:  Energies (in Hartree) for all organic and inorganic compounds and transition states presented in Chapter 

3:  EDZ and thermal corrections were calculated at the M06-L/[6-31G(d,p) (C,H,N,S,O) def2-SVP (Ru)] level of 

theory while ETZ single point energy calculations were performed on the M06-L/[6-31G(d,p) (C,H,N,S,O) def2-SVP 

(Ru)] geometries with the M06-L/[6-311G(d,p) (C,H,N,S,O) def2-TZVP (Ru)] level of theory 

 Energies Thermal Corrections
a 

Structure ETZ
 

EDZ Ezpe H G 

Organic compounds 

H2 -1.1716464 -1.1703914 0.009948 0.015191 -0.004700 

H2O -76.4403759 -76.4173758 0.021782 0.027818 -0.004023 

H3O
+ 

-76.8393182 -76.8197025 0.035433 0.041745 0.008257 

CH2O -114.5220415 -114.4918877 0.026525 0.032889 -0.004690 

CH3OH -115.7385230 -115.7084787 0.051442 0.059245 0.017921 

Concerted MLB pathway structures 

[Ru(QuS)(phterpy)]
+
 vacant 

site trans S 

-1868.1918012 -1867.8695564 0.440354 0.509653 0.325513 

[Ru(QuS)(phterpy)]
+
 vacant 

site moving T.S. 

-1868.1576786 -1867.8363910 0.438554 0.507369 0.325020 

[Ru(QuS)(phterpy)]
+
 vacant 

site cis S 

-1868.1830155 -1867.8613848 0.440638 0.508360 0.332411 

[Ru(QuS)(phterpy)(H2)]
+
 H2 

coord. cis S T.S. 

-1869.3549203 -1869.0318714 0.455261 0.527108 0.339746 

[Ru(QuS)(phterpy)(H2)]
+
 H2 

cis S 

-1869.3803422 -1869.0564361 0.457575 0.528079 0.341911 

[Ru(QuSH)(phterpy)(H)]
+
 

H2 activation T.S. 

-1869.3506495 -1869.0264510 0.455476 0.525657 0.342902 

[Ru(QuSH)(phterpy)(H)]
+
 -1869.3629238 -1869.0382170 0.456999 0.528388 0.340085 

[Ru(QuSH)(phterpy)(H)]
+
 

concerted H
+
 and H

-
 

transfer to CH2O T.S. 

-1983.8793899 -1983.5250071 0.485219 0.561854 0.363848 

Stepwise MLB pathway structures 

[Ru(QuSH)(phterpy)(H)]
+
 

deprotonation T.S. 

-1945.7876587 -1945.4419369 0.481823 0.558081 0.359125 

[Ru(QuS)(phterpy)(H)] 

H cis S 

-1868.9256463 -1868.5998892 0.446183 0.515321 0.335550 

Non-MLB pathway structures 

[Ru(QuS)(phterpy)]
+ 

H2 coord. trans S T.S. 

-1869.3644664 -1869.0412021 0.453532 0.523414 0.343236 

[Ru(QuS)(phterpy)(H2)]
+
 H2 

trans S 

-1869.3830324 

 

-1869.0591294 0.457470 0.529056 0.341950 

[Ru(QuS)(phterpy)(H2)]
+
 

deprotonation T.S. 

-1869.3013195 -1868.9784206 0.452212 0.522853 0.337625 

[Ru(QuS)(phterpy)(H)] 

H trans S 

-1868.9260037 -1868.6002457 0.446049 0.516706 0.327666 

athermal corrections for T = 473K, p = 55atm 
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Appendix F:  Cartesian Coordinates of Calculated Structures 

Organic molecules: 

H2 

H 0.000000 0.000000 0.372321 

H 0.000000 0.000000 -0.37232 

 

H2O 

O 0.000000 0.119712 0.000000 

H 0.751688 -0.47885 0.000000 

H -0.75169 -0.47885 0.000000 

 

H3O
+
 

O 0.000080 -0.000055 -0.087995 

H -0.146625 0.909890 0.234528 

H -0.715552 -0.581412 0.234601 

H 0.861535 -0.328040 0.234829 

 

CH2O 

C -0.000005 0.529058 0.000000 

H 0.937344 1.126282 0.000000 

H -0.937271 1.126424 0.000000 

O -0.000005 -0.678382 0.000000 

 

CH3OH 

O 0.747770 0.121922 -0.000001 

H 1.118849 -0.765755 0.000008 

C -0.657840 -0.018516 0.000000 

H -1.035229 -0.543228 0.889105 

H -1.083503 0.987578 0.000210 

H -1.035237 -0.542876 -0.889313 
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Concerted MLB pathway compounds: 

[Ru(QuS)(phterpy)]
+
 vacant site trans S 

C -1.55628 -1.17777 -0.34364 H -5.05966 -1.87545 1.416547 

C -1.54772 1.191586 -0.28229 C -7.25158 1.048448 0.142302 

C -2.91111 1.209753 -0.01861 H -5.44262 1.874515 -0.66123 

C -3.62413 0.004048 0.085262 C -7.83595 -0.01152 0.833299 

C -2.92022 -1.19967 -0.08343 H -7.48768 -1.88991 1.829543 

C -0.67954 -2.33687 -0.55497 H -7.86497 1.868105 -0.21946 

C -1.09548 -3.65558 -0.39639 H -8.90548 -0.01674 1.020687 

C -0.18788 -4.69155 -0.58065 N 0.615093 -2.04253 -0.90565 

C 1.12639 -4.38381 -0.91809 N -0.90428 0.007751 -0.43285 

C 1.486307 -3.05232 -1.07136 N 0.633358 2.070313 -0.78261 

H -3.42465 2.155164 0.120076 Ru 1.00116 0.015009 -0.99846 

H -3.45078 -2.14522 -0.04803 C 1.116677 -0.06018 1.925863 

H -2.12226 -3.86676 -0.11856 C 3.243698 -0.01939 0.931003 

H -0.50224 -5.72175 -0.45445 C 3.85957 -0.03468 2.222413 

H 1.869565 -5.15938 -1.06252 C 3.029376 -0.06346 3.365603 

H 2.495231 -2.75027 -1.33986 C 1.665519 -0.07724 3.213381 

C -0.66106 2.354222 -0.42403 H 0.043226 -0.06802 1.785192 

C -1.07047 3.666221 -0.20446 C 4.043218 0.008455 -0.24693 

C -0.15593 4.704366 -0.33467 C 5.267539 -0.02038 2.314809 

H -2.09814 3.870605 0.075006 H 3.485512 -0.07415 4.351416 

C 1.511248 3.081116 -0.89571 H 0.995263 -0.0996 4.064708 

C 1.158374 4.405861 -0.67994 C 6.031691 0.006846 1.166192 

H -0.46574 5.729338 -0.16278 C 5.429406 0.020489 -0.09813 

H 2.519172 2.786683 -1.17617 H 5.726067 -0.03134 3.298914 

H 1.906069 5.18337 -0.78501 H 7.115667 0.017981 1.235521 

C -5.07163 0.000771 0.346948 H 6.048532 0.041512 -0.9905 

C -5.67298 -1.06133 1.039495 N 1.863305 -0.03133 0.8152 

C -5.88246 1.056829 -0.09653 S 3.268607 0.0245 -1.80875 

C -7.04147 -1.06504 1.282311     

 

[Ru(QuS)(phterpy)]
+
 vacant site moving T.S. 

C -1.79227 -1.17825 -0.04561 H -5.5045 -1.90091 1.141522 

C -1.79816 1.195121 0.046607 C -7.49201 1.040426 -0.40264 

C -3.18663 1.214646 0.08742 H -5.58835 1.881721 -0.91636 

C -3.89652 0.000524 0.069404 C -8.1675 -0.03026 0.180957 

C -3.17852 -1.20976 -0.0038 H -7.96624 -1.92166 1.193251 

C -0.87728 -2.32998 -0.172 H -8.04848 1.86335 -0.8403 

C -1.31163 -3.64883 -0.15127 H -9.25287 -0.0391 0.208183 

C -0.38964 -4.68347 -0.28572 N 0.45539 -2.02147 -0.32356 

C 0.954185 -4.36652 -0.44174 N -1.15623 0.010068 -0.00194 

C 1.333391 -3.03025 -0.45708 N 0.450058 2.06157 -0.09311 

H -3.7235 2.154444 0.151553 Ru 0.871644 0.030634 -0.29593 

H -3.71273 -2.15073 -0.0725 C 2.434074 -0.34048 2.118175 

H -2.36661 -3.86649 -0.02631 C 3.844064 -0.03456 0.28049 

H -0.71991 -5.71601 -0.26694 C 5.001397 -0.14276 1.105251 

H 1.708563 -5.13707 -0.54994 C 4.808356 -0.3546 2.489087 

H 2.370207 -2.73242 -0.58156 C 3.528529 -0.45427 2.984937 
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C -0.88783 2.353663 0.058241 H 1.414371 -0.41857 2.48358 

C -1.32357 3.661982 0.224798 C 3.954858 0.171731 -1.11422 

C -0.39929 4.702636 0.245879 C 6.27114 -0.02983 0.495199 

H -2.38213 3.86571 0.34394 H 5.671365 -0.43743 3.143633 

C 1.331315 3.077742 -0.07403 H 3.340616 -0.62038 4.0395 

C 0.949789 4.401985 0.095855 C 6.36637 0.176631 -0.86707 

H -0.73062 5.726359 0.378718 C 5.222597 0.277756 -1.67576 

H 2.370704 2.793484 -0.20963 H 7.159779 -0.106 1.114364 

H 1.706107 5.178386 0.102868 H 7.345204 0.263311 -1.33031 

C -5.36486 -0.00794 0.10872 H 5.326257 0.436553 -2.74513 

C -6.05757 -1.08272 0.68866 N 2.570357 -0.12801 0.80366 

C -6.10337 1.055541 -0.43432 S 2.439338 0.261463 -1.98349 

C -7.44609 -1.08974 0.728801     

 

[Ru(QuS)(phterpy)]
+
 vacant site cis S 

C -1.55628 -1.17777 -0.34364 H -5.05966 -1.87545 1.416547 

C -1.54772 1.191586 -0.28229 C -7.25158 1.048448 0.142302 

C -2.91111 1.209753 -0.01861 H -5.44262 1.874515 -0.66123 

C -3.62413 0.004048 0.085262 C -7.83595 -0.01152 0.833299 

C -2.92022 -1.19967 -0.08343 H -7.48768 -1.88991 1.829543 

C -0.67954 -2.33687 -0.55497 H -7.86497 1.868105 -0.21946 

C -1.09548 -3.65558 -0.39639 H -8.90548 -0.01674 1.020687 

C -0.18788 -4.69155 -0.58065 N 0.615093 -2.04253 -0.90565 

C 1.12639 -4.38381 -0.91809 N -0.90428 0.007751 -0.43285 

C 1.486307 -3.05232 -1.07136 N 0.633358 2.070313 -0.78261 

H -3.42465 2.155164 0.120076 Ru 1.00116 0.015009 -0.99846 

H -3.45078 -2.14522 -0.04803 C 1.116677 -0.06018 1.925863 

H -2.12226 -3.86676 -0.11856 C 3.243698 -0.01939 0.931003 

H -0.50224 -5.72175 -0.45445 C 3.85957 -0.03468 2.222413 

H 1.869565 -5.15938 -1.06252 C 3.029376 -0.06346 3.365603 

H 2.495231 -2.75027 -1.33986 C 1.665519 -0.07724 3.213381 

C -0.66106 2.354222 -0.42403 H 0.043226 -0.06802 1.785192 

C -1.07047 3.666221 -0.20446 C 4.043218 0.008455 -0.24693 

C -0.15593 4.704366 -0.33467 C 5.267539 -0.02038 2.314809 

H -2.09814 3.870605 0.075006 H 3.485512 -0.07415 4.351416 

C 1.511248 3.081116 -0.89571 H 0.995263 -0.0996 4.064708 

C 1.158374 4.405861 -0.67994 C 6.031691 0.006846 1.166192 

H -0.46574 5.729338 -0.16278 C 5.429406 0.020489 -0.09813 

H 2.519172 2.786683 -1.17617 H 5.726067 -0.03134 3.298914 

H 1.906069 5.18337 -0.78501 H 7.115667 0.017981 1.235521 

C -5.07163 0.000771 0.346948 H 6.048532 0.041512 -0.9905 

C -5.67298 -1.06133 1.039495 N 1.863305 -0.03133 0.8152 

C -5.88246 1.056829 -0.09653 S 3.268607 0.0245 -1.80875 

C -7.04147 -1.06504 1.282311     

 

[Ru(QuS)(phterpy)(H2)]
+
 H2 coordinating cis S T.S. 

C -1.52051 -1.16643 -0.34302 C -7.27581 0.889864 0.191486 

C -1.57883 1.199992 -0.21956 H -5.48913 1.788563 -0.58258 

C -2.94253 1.173465 0.040993 C -7.83237 -0.20612 0.848406 
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C -3.62161 -0.05416 0.111353 H -7.43506 -2.10414 1.787518 

C -2.88388 -1.23314 -0.08713 H -7.91049 1.703498 -0.14632 

C -0.61408 -2.29521 -0.5969 H -8.90164 -0.24577 1.033036 

C -0.99645 -3.62855 -0.48322 N 0.668379 -1.95758 -0.95116 

C -0.06676 -4.63416 -0.71911 N -0.90325 0.03884 -0.40082 

C 1.234504 -4.2826 -1.06262 N 0.580731 2.149858 -0.685 

C 1.560622 -2.93745 -1.16872 Ru 1.002312 0.119936 -0.96745 

H -3.48216 2.100225 0.203922 C 1.126688 -0.0704 1.951598 

H -3.38858 -2.19332 -0.07966 C 3.250054 -0.07261 0.9469 

H -2.01392 -3.87572 -0.20123 C 3.868768 -0.20329 2.230469 

H -0.35498 -5.67571 -0.62873 C 3.041878 -0.26163 3.374861 

H 1.993417 -5.03402 -1.24698 C 1.678717 -0.19113 3.232405 

H 2.557996 -2.60079 -1.43933 H 0.053526 -0.01953 1.816905 

C -0.72302 2.389276 -0.32439 C 4.045484 0.005789 -0.23126 

C -1.16683 3.682605 -0.06566 C 5.275991 -0.26533 2.313831 

C -0.27817 4.747147 -0.15584 H 3.50019 -0.35997 4.354823 

H -2.20076 3.851491 0.214394 H 1.01149 -0.22979 4.08545 

C 1.43358 3.185689 -0.75813 C 6.036223 -0.19511 1.164512 

C 1.045319 4.493166 -0.50142 C 5.431002 -0.05928 -0.0913 

H -0.61471 5.757727 0.047851 H 5.737065 -0.36583 3.291623 

H 2.450307 2.92548 -1.04024 H 7.119618 -0.24241 1.226695 

H 1.773649 5.292307 -0.57561 H 6.047729 0.000039 -0.98359 

C -5.06881 -0.10456 0.369089 N 1.87074 -0.01472 0.84113 

C -5.64226 -1.20309 1.027654 S 3.267623 0.192717 -1.7806 

C -5.90717 0.942369 -0.04399 H -0.18557 0.97571 -3.22523 

C -7.01047 -1.25111 1.266964 H -0.55577 0.323864 -3.17535 

H -5.00782 -2.01148 1.381345     

 

[Ru(QuS)(phterpy)(H2)]
+
 H2 cis S 

C -1.5216 -1.16929 -0.47006 C -7.22021 0.978725 0.300961 

C -1.54533 1.19584 -0.37925 H -5.46122 1.833735 -0.58017 

C -2.89689 1.190605 -0.05834 C -7.75905 -0.09638 1.005368 

C -3.59036 -0.02535 0.049801 H -7.3441 -1.98541 1.95481 

C -2.87386 -1.21522 -0.15486 H -7.85822 1.798042 -0.01618 

C -0.62896 -2.31894 -0.67289 H -8.81734 -0.11397 1.247712 

C -1.03486 -3.64376 -0.53287 N 0.668895 -2.01515 -0.98761 

C -0.11172 -4.66777 -0.70305 N -0.89751 0.026126 -0.59307 

C 1.207088 -4.34586 -1.00511 N 0.632243 2.120982 -0.80635 

C 1.556232 -3.0088 -1.13939 Ru 1.031435 0.065592 -1.09783 

H -3.41238 2.124806 0.13653 C 0.966168 -0.06463 1.924965 

H -3.38352 -2.1703 -0.08853 C 3.14351 -0.04041 1.071645 

H -2.06582 -3.87009 -0.28498 C 3.68098 -0.1108 2.396605 

H -0.41933 -5.70207 -0.59483 C 2.777221 -0.15661 3.481756 

H 1.961232 -5.11274 -1.13735 C 1.42511 -0.13257 3.247526 

H 2.567531 -2.69183 -1.38038 H -0.09835 -0.04637 1.717662 

C -0.67305 2.374077 -0.47744 C 4.01807 0.011501 -0.05268 

C -1.10481 3.674774 -0.23034 C 5.079813 -0.13162 2.580342 

C -0.1994 4.725717 -0.30396 H 3.169984 -0.21001 4.49358 

H -2.14231 3.860381 0.024067 H 0.703666 -0.16546 4.05548 

C 1.502232 3.139652 -0.86472 C 5.914017 -0.08271 1.482828 
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C 1.12758 4.453802 -0.61941 C 5.391442 -0.01162 0.184558 

H -0.52686 5.741566 -0.11174 H 5.475252 -0.18597 3.589966 

H 2.520751 2.862673 -1.12376 H 6.991646 -0.09856 1.617976 

H 1.868432 5.242443 -0.67904 H 6.066829 0.02751 -0.6655 

C -5.02391 -0.05103 0.379288 N 1.78068 -0.02079 0.871031 

C -5.57945 -1.1287 1.085646 S 3.365547 0.105194 -1.6695 

C -5.86521 1.0034 -0.00719 H 0.633159 0.559517 -2.71772 

C -6.9337 -1.14881 1.39753 H 0.627415 -0.28661 -2.75339 

H -4.94112 -1.94199 1.42048     

 

[Ru(QuSH)(phterpy)(H)]
+
 H2 activation T.S. 

C -1.48173 -1.07518 -0.65661 C -7.26979 0.620392 0.493115 

C -1.62588 1.242322 -0.21918 H -5.57521 1.693012 -0.26766 

C -2.96874 1.112858 0.109537 C -7.73882 -0.5771 1.030177 

C -3.59945 -0.13921 0.046063 H -7.20892 -2.56432 1.672408 

C -2.82482 -1.24076 -0.34248 H -7.95498 1.443347 0.313844 

C -0.54123 -2.12548 -1.0348 H -8.78965 -0.68808 1.280068 

C -0.87904 -3.47428 -1.11994 N 0.737777 -1.69547 -1.27655 

C 0.092238 -4.41048 -1.44283 N -0.91237 0.153445 -0.60158 

C 1.394168 -3.97196 -1.66507 N 0.471927 2.357293 -0.53921 

C 1.673795 -2.61787 -1.5728 Ru 1.013686 0.365474 -1.04087 

H -3.5273 1.980585 0.442299 C 1.046909 -0.46826 2.005718 

H -3.27733 -2.2234 -0.41606 C 3.182796 -0.26923 1.115553 

H -1.89952 -3.78535 -0.92685 C 3.761909 -0.79054 2.313203 

H -0.16143 -5.46218 -1.51389 C 2.891347 -1.14179 3.37003 

H 2.191244 -4.66314 -1.91213 C 1.536745 -0.97248 3.221126 

H 2.676406 -2.23874 -1.74333 H -0.02317 -0.34037 1.857492 

C -0.84522 2.480895 -0.18705 C 4.035685 0.113577 0.042127 

C -1.38324 3.715638 0.167815 C 5.164799 -0.93758 2.403184 

C -0.57743 4.84603 0.161861 H 3.309798 -1.54211 4.28935 

H -2.4286 3.789596 0.444697 H 0.840726 -1.22664 4.012073 

C 1.241614 3.457391 -0.53991 C 5.967313 -0.57737 1.344733 

C 0.758287 4.712948 -0.20096 C 5.406148 -0.05505 0.166539 

H -0.98734 5.811843 0.435923 H 5.590694 -1.34188 3.316693 

H 2.27835 3.301459 -0.82039 H 7.04424 -0.69577 1.409651 

H 1.427667 5.565007 -0.22043 H 6.052263 0.232782 -0.6573 

C -5.0228 -0.29042 0.384768 N 1.825647 -0.13239 0.983533 

C -5.50843 -1.4916 0.923659 S 3.390139 0.933897 -1.38509 

C -5.92438 0.764306 0.175724 H 2.317284 -0.08308 -1.99886 

C -6.85316 -1.63156 1.245426 H 0.564794 0.696472 -2.55521 

H -4.82291 -2.31133 1.121395     

 

[Ru(QuSH)(phterpy)(H)]
+
 

C -1.55586 -1.1703 -0.50719 C -7.21196 1.039754 0.436913 

C -1.54806 1.196086 -0.38874 H -5.46468 1.890515 -0.4708 

C -2.89292 1.199524 -0.04113 C -7.74907 -0.04349 1.130129 

C -3.60087 -0.0064 0.072101 H -7.33535 -1.95943 2.024634 

C -2.90183 -1.19956 -0.16718 H -7.84586 1.875047 0.154474 

C -0.69104 -2.3224 -0.7537 H -8.80119 -0.05264 1.398617 
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C -1.1223 -3.64471 -0.66529 N 0.612967 -2.01753 -1.06208 

C -0.22546 -4.68146 -0.88023 N -0.9052 0.019545 -0.62146 

C 1.099295 -4.36821 -1.17335 N 0.614253 2.083521 -0.9077 

C 1.471826 -3.03568 -1.25289 Ru 0.99315 0.038325 -1.08862 

H -3.39198 2.139844 0.167572 C 1.034797 -0.10706 2.053283 

H -3.42074 -2.15029 -0.10757 C 3.177138 -0.03569 1.167644 

H -2.15778 -3.85697 -0.42257 C 3.750579 -0.10304 2.473997 

H -0.55275 -5.71318 -0.81449 C 2.874871 -0.16819 3.581654 

H 1.840739 -5.14074 -1.34134 C 1.518316 -0.16825 3.37075 

H 2.495001 -2.75352 -1.48019 H -0.03637 -0.1104 1.864087 

C -0.68084 2.362134 -0.53912 C 4.046545 0.035499 0.051622 

C -1.10817 3.672524 -0.33225 C 5.15683 -0.10742 2.616418 

C -0.21899 4.725166 -0.49346 H 3.290499 -0.21729 4.583955 

H -2.13627 3.861913 -0.04337 H 0.814428 -0.21644 4.193431 

C 1.463539 3.11846 -1.05922 C 5.973028 -0.04055 1.511539 

C 1.093046 4.439069 -0.86259 C 5.415259 0.04453 0.221854 

H -0.54299 5.747568 -0.3334 H 5.577741 -0.16187 3.616203 

H 2.475328 2.858035 -1.35479 H 7.051975 -0.04262 1.624271 

H 1.82722 5.224643 -0.99933 H 6.065251 0.113911 -0.64499 

C -5.02666 -0.01989 0.435437 N 1.816644 -0.0435 0.980773 

C -5.58127 -1.10469 1.132144 S 3.318899 0.178104 -1.58746 

C -5.86493 1.052698 0.094051 H 3.818296 -0.98302 -2.0698 

C -6.92793 -1.11506 1.476577 H 0.602595 0.090057 -2.6643 

H -4.94626 -1.93388 1.432883     

 

[Ru(QuSH)(phterpy)(H)]
+
 concerted H

+
 and H

-
 transfer to CH2O T.S. 

C -1.40956 -1.01374 -0.59865 C -7.79036 -1.13706 0.646564 

C -1.77876 1.250961 -0.00334 H -7.13778 -3.11754 1.188757 

C -3.12776 0.992657 0.206502 H -8.12697 0.907121 0.054943 

C -3.64255 -0.29701 0.008266 H -8.84269 -1.34987 0.809044 

C -2.75266 -1.30339 -0.40014 N 0.890007 -1.41065 -1.14929 

C -0.36586 -1.94885 -1.02517 N -0.94897 0.249488 -0.40211 

C -0.6026 -3.29389 -1.2987 N 0.259417 2.508035 -0.07416 

C 0.446358 -4.11027 -1.70052 Ru 0.958118 0.630909 -0.62498 

C 1.717401 -3.55901 -1.82326 C 0.733388 -0.32946 2.302756 

C 1.893738 -2.21163 -1.54092 C 2.895853 -0.44487 1.44403 

H -3.78065 1.786524 0.553334 C 3.32291 -1.2269 2.558236 

H -3.1211 -2.30697 -0.58377 C 2.378565 -1.52075 3.568848 

H -1.60355 -3.69768 -1.19531 C 1.093045 -1.05328 3.450237 

H 0.272424 -5.15946 -1.91305 H -0.28921 0.012293 2.165595 

H 2.567211 -4.15689 -2.13123 C 3.850174 -0.08637 0.454828 

H 2.866261 -1.74053 -1.63476 C 4.661817 -1.67789 2.613899 

C -1.09356 2.530185 0.173263 H 2.686257 -2.11186 4.426443 

C -1.73796 3.706031 0.552435 H 0.343655 -1.24899 4.208098 

C -1.01249 4.881286 0.683876 C 5.554068 -1.34943 1.619916 

H -2.80613 3.69702 0.739523 C 5.155566 -0.52592 0.550714 

C 0.948599 3.658431 0.055828 H 4.970857 -2.28282 3.461181 

C 0.356545 4.854484 0.428526 H 6.579642 -1.70018 1.665993 

H -1.50637 5.800801 0.977761 H 5.878955 -0.22587 -0.20082 

H 2.011667 3.59224 -0.1532 N 1.583376 -0.03923 1.321229 
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H 0.965858 5.74669 0.515057 S 3.329302 1.078426 -0.79547 

C -5.0685 -0.58646 0.226587 H 3.486354 0.377299 -1.98527 

C -5.48741 -1.85873 0.645071 H 0.806816 0.941566 -2.32037 

C -6.04131 0.404145 0.022279 C 1.683068 0.960811 -3.46673 

C -6.83454 -2.12989 0.854424 H 0.802529 0.930471 -4.13844 

H -4.7496 -2.63322 0.83741 H 2.016029 2.003777 -3.27066 

C -7.38833 0.130315 0.2287 O 2.524792 0.019109 -3.50243 

H -5.743 1.387997 -0.33023     

 

Stepwise MLB pathway compounds: 

[Ru(QuSH)(phterpy)(H)] deprotonation T.S. 

C -1.46929 -1.07324 -0.50451 H -5.71611 1.490216 -0.43749 

C -1.759 1.252445 -0.14696 C -7.83996 -0.85155 0.798859 

C -3.11027 1.061338 0.108241 H -7.24941 -2.78995 1.530907 

C -3.67061 -0.22479 0.049435 H -8.1111 1.135017 0.010152 

C -2.81814 -1.29617 -0.25792 H -8.89731 -1.01028 0.988531 

C -0.45528 -2.08175 -0.80365 N 0.808987 -1.59148 -1.03617 

C -0.70877 -3.4528 -0.81162 N -0.96507 0.190888 -0.4621 

C 0.326935 -4.34878 -1.03307 N 0.311095 2.429881 -0.39403 

C 1.612978 -3.84957 -1.22797 Ru 0.930575 0.49162 -0.83969 

C 1.807614 -2.47798 -1.2212 C 0.940858 -0.16351 2.20375 

H -3.73207 1.908063 0.380013 C 3.079626 -0.19599 1.28351 

H -3.21945 -2.30186 -0.32853 C 3.621459 -0.72158 2.498281 

H -1.71554 -3.81273 -0.62917 C 2.734619 -0.94987 3.576 

H 0.136874 -5.41647 -1.0397 C 1.399451 -0.66111 3.433525 

H 2.459055 -4.50891 -1.38414 H -0.11416 0.057068 2.057127 

H 2.793742 -2.04364 -1.36949 C 3.945765 0.08657 0.184192 

C -1.02796 2.517309 -0.09698 C 5.005097 -0.99375 2.58386 

C -1.61287 3.738289 0.235754 H 3.126643 -1.35075 4.507008 

C -0.83802 4.888642 0.274498 H 0.693756 -0.81782 4.241574 

H -2.67205 3.781732 0.46548 C 5.822721 -0.73754 1.504572 

C 1.051517 3.553294 -0.34478 C 5.300301 -0.1969 0.31862 

C 0.520445 4.791441 -0.0197 H 5.402901 -1.4045 3.507318 

H -1.28514 5.842534 0.532365 H 6.886384 -0.94919 1.564939 

H 2.103238 3.419151 -0.58184 H 5.964532 0.016183 -0.51412 

H 1.166477 5.661812 0.000577 N 1.73597 0.057073 1.160396 

C -5.10295 -0.44111 0.307927 S 3.312283 0.883062 -1.252 

C -5.56237 -1.64944 0.854612 H 2.197123 -0.17877 -2.7797 

C -6.04456 0.557131 0.012896 H 0.543385 0.792127 -2.40942 

C -6.91606 -1.85134 1.098033 O 2.192382 -0.65098 -3.70312 

H -4.8497 -2.42643 1.118659 H 1.385901 -0.35953 -4.16739 

C -7.39813 0.353245 0.25503 H 2.973472 -0.37571 -4.21631 

 

[Ru(QuS)(phterpy)(H)] H cis S 

C -1.55586 -1.1703 -0.50719 C -7.21196 1.039754 0.436913 

C -1.54806 1.196086 -0.38874 H -5.46468 1.890515 -0.4708 

C -2.89292 1.199524 -0.04113 C -7.74907 -0.04349 1.130129 

C -3.60087 -0.0064 0.072101 H -7.33535 -1.95943 2.024634 
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C -2.90183 -1.19956 -0.16718 H -7.84586 1.875047 0.154474 

C -0.69104 -2.3224 -0.7537 H -8.80119 -0.05264 1.398617 

C -1.1223 -3.64471 -0.66529 N 0.612967 -2.01753 -1.06208 

C -0.22546 -4.68146 -0.88023 N -0.9052 0.019545 -0.62146 

C 1.099295 -4.36821 -1.17335 N 0.614253 2.083521 -0.9077 

C 1.471826 -3.03568 -1.25289 Ru 0.99315 0.038325 -1.08862 

H -3.39198 2.139844 0.167572 C 1.034797 -0.10706 2.053283 

H -3.42074 -2.15029 -0.10757 C 3.177138 -0.03569 1.167644 

H -2.15778 -3.85697 -0.42257 C 3.750579 -0.10304 2.473997 

H -0.55275 -5.71318 -0.81449 C 2.874871 -0.16819 3.581654 

H 1.840739 -5.14074 -1.34134 C 1.518316 -0.16825 3.37075 

H 2.495001 -2.75352 -1.48019 H -0.03637 -0.1104 1.864087 

C -0.68084 2.362134 -0.53912 C 4.046545 0.035499 0.051622 

C -1.10817 3.672524 -0.33225 C 5.15683 -0.10742 2.616418 

C -0.21899 4.725166 -0.49346 H 3.290499 -0.21729 4.583955 

H -2.13627 3.861913 -0.04337 H 0.814428 -0.21644 4.193431 

C 1.463539 3.11846 -1.05922 C 5.973028 -0.04055 1.511539 

C 1.093046 4.439069 -0.86259 C 5.415259 0.04453 0.221854 

H -0.54299 5.747568 -0.3334 H 5.577741 -0.16187 3.616203 

H 2.475328 2.858035 -1.35479 H 7.051975 -0.04262 1.624271 

H 1.82722 5.224643 -0.99933 H 6.065251 0.113911 -0.64499 

C -5.02666 -0.01989 0.435437 N 1.816644 -0.0435 0.980773 

C -5.58127 -1.10469 1.132144 S 3.318899 0.178104 -1.58746 

C -5.86493 1.052698 0.094051 H 3.818296 -0.98302 -2.0698 

C -6.92793 -1.11506 1.476577 H 0.602595 0.090057 -2.6643 

H -4.94626 -1.93388 1.432883     

 

Non-MLB pathway compounds: 

[Ru(QuS)(phterpy)(H2)]
+
 H2 coordinating trans S T.S. 

C -1.73565 1.186913 -0.11899 C -7.30889 -1.13605 0.999234 

C -1.71348 -1.18028 -0.20206 H -5.33503 -1.93319 1.263065 

C -3.09421 -1.21736 -0.05585 C -8.07859 -0.08198 0.510336 

C -3.8233 -0.02369 0.066445 H -8.04832 1.812328 -0.5158 

C -3.11605 1.188808 0.031517 H -7.78548 -1.97187 1.502546 

C -0.85521 2.358856 -0.1794 H -9.1585 -0.09707 0.622584 

C -1.30669 3.67046 -0.06552 N 0.477446 2.083576 -0.36128 

C -0.39878 4.720604 -0.12455 N -1.06763 0.011959 -0.22878 

C 0.951753 4.433113 -0.29544 N 0.512892 -2.01684 -0.53234 

C 1.346614 3.107528 -0.40737 Ru 0.887339 0.039316 -0.49157 

H -3.61439 -2.1692 -0.06667 C 3.522673 0.107027 -1.97441 

H -3.64676 2.12802 0.14449 C 3.784008 -0.01534 0.3413 

H -2.36444 3.865964 0.072114 C 5.205226 -0.02575 0.212451 

H -0.74164 5.745449 -0.03475 C 5.749976 0.034479 -1.0916 

H 1.69677 5.218886 -0.34089 C 4.909899 0.100214 -2.17811 

H 2.388499 2.832443 -0.54023 H 2.832698 0.157117 -2.81304 

C -0.81305 -2.32839 -0.35816 C 3.176628 -0.07582 1.624507 

C -1.24008 -3.65288 -0.33258 C 5.998597 -0.09623 1.378635 

C -0.3148 -4.67951 -0.4752 H 6.829202 0.027359 -1.2168 

H -2.29217 -3.87707 -0.19522 H 5.295034 0.14702 -3.19034 
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C 1.399179 -3.01915 -0.65874 C 5.393925 -0.15399 2.617332 

C 1.028596 -4.35612 -0.63826 C 3.996117 -0.1447 2.746004 

H -0.63868 -5.71421 -0.45388 H 7.079911 -0.10431 1.280031 

H 2.435109 -2.71742 -0.77953 H 6.00275 -0.20868 3.515183 

H 1.78666 -5.12315 -0.74545 H 3.545257 -0.19182 3.733155 

C -5.28632 -0.04294 0.219901 N 2.965805 0.050934 -0.76299 

C -6.07302 1.012803 -0.26573 S 1.424514 -0.05746 1.751877 

C -5.92676 -1.1187 0.8538 H 0.116455 0.895927 -3.04079 

C -7.45545 0.991592 -0.12343 H -0.37349 0.336379 -2.95297 

H -5.60139 1.841875 -0.78654     

  

[Ru(QuS)(phterpy)(H2)]
+
 H2 trans S 

C -1.72251 1.186726 -0.22941 C -7.26855 -1.09087 1.094589 

C -1.7139 -1.17805 -0.29254 H -5.29299 -1.90062 1.298084 

C -3.08882 -1.20782 -0.09648 C -8.04689 -0.03553 0.622434 

C -3.81005 -0.01104 0.031241 H -8.03894 1.849024 -0.42182 

C -3.09689 1.19608 -0.02868 H -7.73344 -1.91809 1.622377 

C -0.83964 2.358253 -0.27127 H -9.12228 -0.0414 0.772431 

C -1.28903 3.668381 -0.12307 N 0.490076 2.09029 -0.4519 

C -0.37725 4.715445 -0.14718 N -1.06794 0.009821 -0.37714 

C 0.973504 4.430162 -0.3169 N 0.503209 -2.05186 -0.57851 

C 1.364481 3.106592 -0.46514 Ru 0.894394 0.023907 -0.62935 

H -3.60951 -2.15859 -0.06161 C 3.662611 0.071072 -1.92091 

H -3.61658 2.137442 0.112792 C 3.746064 -0.00673 0.409133 

H -2.34658 3.864502 0.013428 C 5.175533 -0.00675 0.380679 

H -0.71787 5.738491 -0.03162 C 5.81651 0.035156 -0.8781 

H 1.720791 5.214661 -0.33551 C 5.06026 0.074118 -2.02371 

H 2.405303 2.83001 -0.60228 H 3.047893 0.101067 -2.81452 

C -0.8239 -2.33924 -0.40891 C 3.059837 -0.0475 1.656102 

C -1.26336 -3.6591 -0.33528 C 5.894647 -0.04817 1.595179 

C -0.34465 -4.69642 -0.42643 H 6.902223 0.036067 -0.92014 

H -2.31844 -3.87073 -0.20279 H 5.515983 0.107075 -3.00662 

C 1.384435 -3.05934 -0.6562 C 5.21446 -0.08781 2.793334 

C 1.003175 -4.3921 -0.58585 C 3.812026 -0.08741 2.825939 

H -0.67774 -5.72687 -0.36942 H 6.980013 -0.04821 1.561951 

H 2.4228 -2.76787 -0.78007 H 5.763648 -0.11987 3.729861 

H 1.755637 -5.1688 -0.65447 H 3.29617 -0.11876 3.781485 

C -5.26713 -0.02046 0.235122 N 3.009579 0.0321 -0.75633 

C -6.06188 1.036895 -0.23298 S 1.307409 -0.04644 1.702547 

C -5.8922 -1.08556 0.901156 H 0.760209 0.496495 -2.33463 

C -7.43868 1.027453 -0.04282 H 0.755925 -0.34262 -2.36055 

H -5.6019 1.857627 -0.77699     

 

[Ru(QuS)(phterpy)(H2)]
+
 deprotonation T.S. 

C 1.57452 -1.15646 -0.19349 C 7.415502 0.322079 0.982735 

C 1.869803 1.187235 -0.13829 H 5.567171 1.356566 1.323061 

C 3.244 1.033174 -0.01363 C 8.03463 -0.79055 0.415915 

C 3.809466 -0.25017 0.024007 H 7.747023 -2.59092 -0.73218 

C 2.944408 -1.35056 -0.0727 H 8.001919 1.050792 1.53417 
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C 0.55396 -2.19979 -0.29441 H 9.107104 -0.92776 0.5159 

C 0.837526 -3.56341 -0.2661 N -0.73377 -1.75029 -0.4211 

C -0.19513 -4.48573 -0.36015 N 1.063596 0.098563 -0.21946 

C -1.50066 -4.02132 -0.48403 N -0.22246 2.314552 -0.3542 

C -1.7248 -2.65335 -0.51153 Ru -0.90814 0.362239 -0.39273 

H 3.883849 1.908144 0.026015 C -3.33212 0.470237 -1.98799 

H 3.345758 -2.35695 -0.02634 C -3.72159 -0.03118 0.323691 

H 1.863901 -3.89826 -0.16855 C -5.05482 -0.47209 0.036079 

H 0.017354 -5.54881 -0.33809 C -5.44037 -0.5569 -1.33826 

H -2.34039 -4.70139 -0.56361 C -4.61875 -0.07581 -2.31425 

H -2.7286 -2.25265 -0.61313 H -3.09265 1.42565 -2.46374 

C 1.134768 2.447796 -0.21474 C -3.21617 0.00788 1.663014 

C 1.727421 3.706915 -0.16198 C -5.88289 -0.80735 1.110463 

C 0.937957 4.845192 -0.24668 H -6.42019 -0.95687 -1.58201 

H 2.802938 3.789791 -0.05274 H -4.93621 -0.05458 -3.35161 

C -0.98096 3.423841 -0.42713 C -5.41217 -0.68744 2.416081 

C -0.44021 4.699018 -0.38035 C -4.10878 -0.27356 2.69948 

H 1.390585 5.829528 -0.20499 H -6.89319 -1.15404 0.916648 

H -2.04891 3.258458 -0.52156 H -6.06959 -0.94153 3.242534 

H -1.09763 5.558171 -0.44188 H -3.76901 -0.21228 3.728626 

C 5.262403 -0.43609 0.157976 N -2.88857 0.392206 -0.6535 

C 5.897768 -1.55293 -0.40579 S -1.54345 0.419095 1.914538 

C 6.043112 0.499796 0.853439 H -2.0605 0.110422 -2.41607 

C 7.270998 -1.72631 -0.27961 H -1.03905 0.240928 -2.20175 

H 5.316899 -2.27465 -0.9739     

 

[Ru(QuS)(phterpy)(H)] H trans S 

C -1.75735 1.19164 -0.17505 H -5.6326 1.874312 -0.78636 

C -1.75085 -1.18313 -0.23586 C -7.34188 -1.09458 1.00874 

C -3.12981 -1.20449 -0.07682 H -5.3718 -1.9084 1.245762 

C -3.85485 -0.00756 0.036959 C -8.11067 -0.03232 0.536257 

C -3.13631 1.197618 -0.01539 H -8.07481 1.867026 -0.48027 

C -0.87497 2.350189 -0.23502 H -7.8181 -1.92956 1.514538 

C -1.31037 3.670954 -0.12384 H -9.18913 -0.03851 0.66326 

C -0.39368 4.710126 -0.17646 N 0.457849 2.052971 -0.40742 

C 0.957664 4.402032 -0.33676 N -1.08259 0.008174 -0.28525 

C 1.336811 3.0749 -0.44605 N 0.467401 -2.01799 -0.52736 

H -3.65266 -2.15564 -0.06678 Ru 0.844618 0.019093 -0.50504 

H -3.65785 2.142873 0.09674 C 3.50479 0.070019 -1.98619 

H -2.36773 3.876035 0.007707 C 3.821655 -0.00601 0.323836 

H -0.7238 5.739634 -0.09002 C 5.243147 -0.00193 0.146139 

H 1.713205 5.178731 -0.37677 C 5.754709 0.040783 -1.17094 

H 2.376726 2.788051 -0.57251 C 4.883626 0.076873 -2.2319 

C -0.86349 -2.33173 -0.36896 H 2.793859 0.097573 -2.8042 

C -1.2917 -3.65906 -0.33337 C 3.272166 -0.04793 1.643477 

C -0.3701 -4.6885 -0.45096 C 6.091805 -0.04027 1.274229 

H -2.34726 -3.87716 -0.20836 H 6.831149 0.044244 -1.32143 

C 1.351329 -3.03135 -0.62885 H 5.235918 0.110408 -3.25718 

C 0.979124 -4.36446 -0.59745 C 5.546365 -0.08105 2.540182 

H -0.6948 -5.72301 -0.4241 C 4.157453 -0.08474 2.721882 
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H 2.389411 -2.73213 -0.7407 H 7.167218 -0.03664 1.120708 

H 1.738308 -5.13355 -0.68577 H 6.194592 -0.11093 3.411972 

C -5.31625 -0.01602 0.207644 H 3.747014 -0.11699 3.727641 

C -6.10403 1.046554 -0.26282 N 2.965806 0.029875 -0.76007 

C -5.96121 -1.08699 0.846582 S 1.54446 -0.05142 1.890566 

C -7.48469 1.038133 -0.10015 H 0.718647 0.068807 -2.13884 
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Appendix G:  Calculation of coefficients in Plackett-Burman design 

 The P-B design used in this study generated three systems of linear equations, one for each 

response examined:  yield of 2,5-hexanediol, yield of 2,5-DMTHF and% decomposition.  Each 

system contained eight unknowns – the coefficients of the experimental factors in the equation:  

𝑦𝑖  =  𝑎0 + 𝑎1𝑥1 + 𝑎2𝑥2 + ⋯ +  𝑎7𝑥7 

(1) 

and eight solutions – the measured responses from each experiment.  The process for solving 

these systems was identical for each factor and therefore the calculation of the coefficients for 

the yield 2,5-hexanediol will be explained, as an example, with the understanding that the 

calculation of coefficients for each of the other two factors was performed similarly. 

 The linear system of equations generated for this factor can be summarized in the form: 

[Y] = [X][A] 

(2) 

where [Y] is a column matrix of the measured responses (i.e., the yield of 2,5-hexanediol from 

each experiment 1 – 8): 

[Y]  =  [

y1

⋮
y8

] 
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 [X] is a square matrix summarizing the experimental design.  This matrix is formed by adding a 

column of 1’s as the left side of the design matrix shown previously in Table 9.  The column of 

1’s “squares” the matrix and allows calculation of the intercept, a0, term in equation (1): 

[X]  =  [

𝑥0,0 … 𝑥0,7

⋮ ⋱ ⋮
𝑥7,0 … 𝑥7,7

] 

and [A] is a column matrix of the coefficients to be determined: 

[A]  =  [

𝑎0

⋮
𝑎7

] 

 Solving for [A] in equation (2) yields: 

[X]
-1

[Y] = [A] 

and this operation was performed in Excel 2010 using the MINVERSE and MMULT functions 

to first calculate [X]
-1

 and then multiply [X]
-1

 and [Y].  The relevant cells from the spreadsheet 

used are reproduced on the next page and the formulae are shown below each calculated matrix. 



 

 

2
3
0
 

 

 

A B C D E F G H I J K L M N O P Q R

1 Design matrix: Measured responses:

2 expt #: Factors: H2 pressure temperature catalyst load substrate conc. TfOH added reaction time dummy/reactor Yield  2,5-hexdiolYield 2,5-DMTHF % decomposition Coding: -1 1

3 RS-IV-72 1 1 1 1 -1 1 -1 -1 2 3 22 H2 pressure 800 1000 psi

4 RS-IV-59 1 -1 1 1 1 -1 1 -1 38 10 32 temperature 175 200 °C

5 RS-IV-73 1 -1 -1 1 1 1 -1 1 0 0 4 catalyst load 0.05 0.1 % by mole

6 RS-IV-74 1 1 -1 -1 1 1 1 -1 0 1 17 substrate conc. 1 1.5 M

7 RS-IV-75 1 -1 1 -1 -1 1 1 1 0 3 25 TfOH added 0 0.1 %

8 RS-IV-65 1 1 -1 1 -1 -1 1 1 55 1 40 reaction time 6 16 h

9 RS-IV-78 1 1 1 -1 1 -1 -1 1 8 2 33 dummy/reactor reactor a reactor b

10 RS-IV-77 1 -1 -1 -1 -1 -1 -1 -1 3 0 64

11

12 Inverse of design matrix Calculated coeeficients for each response (column) and factor (row) -- significant responses bolded:

13 0.125 0.125 0.125 0.125 0.125 0.125 0.125 0.125 13.25 2.50 29.63 intercept

14 0.125 -0.125 -0.125 0.125 -0.125 0.125 0.125 -0.125 3.00 -0.75 -1.63 H2 pressure

15 0.125 0.125 -0.125 -0.125 0.125 -0.125 0.125 -0.125  -1.25 2.00 -1.63 Temperature

16 0.125 0.125 0.125 -0.125 -0.125 0.125 -0.125 -0.125 10.50 1.00 -5.13 catalyst load

17 -0.125 0.125 0.125 0.125 -0.125 -0.125 0.125 -0.125 -1.75 0.75 -8.13 substrate concentration

18 0.125 -0.125 0.125 0.125 0.125 -0.125 -0.125 -0.125 -12.75 -0.75 -12.63 TfOH added

19 -0.125 0.125 -0.125 0.125 0.125 0.125 -0.125 -0.125 10.00 1.25 -1.13 reaction time

20 -0.125 -0.125 0.125 -0.125 0.125 0.125 0.125 -0.125 2.50 -1.00 -4.13 reactor/dummy

21 [formula: =MINVERSE(B3:I10)] [formula: =MMULT(B13:I20,K3:K10)]

22 [formula: =MMULT(B13:I20,L3:L10)]

23 [formula: =MMULT(B13:I20,M3:M10)]


